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SECTION I

INTRODUCTION

BACKGROUND

Selecting the most economical maintenance and repair (M&R) alternative
that satisfies all constraints is one of the major responsibilities of the
airfield pavement engineer. To accomplish this task satisfactorily, the
engineer must have extensive knowledge of the consequence of applying various
M&R alternatives, as well as the consequence of not applying any M&R. This
requires the ability to predict future pavement condition. The development of
this capability is extremely difficult because of the many designs, materials,
climates, subgrades, repair alternatives, and amounts of traffic.

Efforts to develop analytical methods of predicting pavement condition
were begun during FY77 with a preliminary study which concluded that it was
feasible to predict condition using probabilistic theory and empirical models
developed from field data (Reference 1). Pavement "condition" was specifi-
cally defined as the trend of the Pavement Condition Index (PCI) over time,
and the development of major distress types over time. The PCI is a composite
index that represents the pavement's structural integrity and operational sur-
face conditions (References 1 through 5). It has been adopted by the U.S. Air
Force and is now being fully implemented. The PCI, along with distress pre-
diction, can be used to determine M&R needs. Thus, if the PCI and major dis-
tress types can be reasonably predicted over a future time period for a
variety of pavement situations, the consequence of various M&R alternatives
can be predicted.

The types of questions that M&R consequence models should be able to
answer about a given pavement feature are:

1. If only routine maintenance is applied over the next X number of
years, what are the consequences in terms of PCI, distress occurrence, costs,
and downtime (Figure 1)?

2. If particular types of major maintenance (such as slab replacement
and patching) are applied, what are the consequences (Figure 2)?

3. If an overlay or recycling is performed, what are the consequences
(Figure 3)?

4. If a mission change occurs, what are the consequences of applying or
not applying specific M&R (Figure 4)?

The use of consequence models will require the engineer to gather a con-
siderable amount of data and to perform many computations, especially if many
pavement sections are analyzed at one time. Therefore, it was necessary to
study the feasibility of developing a pavement management information system.

i_'1
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Figure 1. Schematic Design Showing Effect of Routine Maintenance
on PCI and Distress Over Time.
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Such an information system would insure expedient access to data required for
usino the consequence models and for performing other management requirements,
such as project validation, estimation, and optimization.

OBJECTIVES

The objectives of the FY78 work effort were:

1. To develop models for predicting the PCI of asphalt and concrete
pavements, including both asphalt and concrete overlays using available data

2. To develop models for predicting key load-associated distress types
for asphalt and concrete pavements using available data

3. To determine information requirements for pavement management

4. To provide alternatives for implementing a computer-aided pavement
management system.

APPROACH

The above objectives were achieved as follows:

1. Data were collected from many concrete and asphalt airfield features
to provide a data base from which to derive prediction models. Condition data
were obtained from numerous surveys conducted over the past 3 years at U.S.
Air Force bases, and physical data were obtained from historical records.

2. Multiple regression techniques were used to develop prediction models
for PCI and distress, using this data base. Sensitivity analyses were conduc-
ted to determine the usefulness of the models. There were not adequate data
to develop comprehensive models, so additional data collection will be neces-
sary; therefore, the existing models should be considered tentative.

3. A workshop was held with a number of major command and base pavement
engineers to determine information requirements for pavement management and to
help select alternatives for implementing computer-aided pavement management.

ORGANIZATION

This report is divided into two parts. Part I discusses the development
of M&R consequence models and describes the data base from which the various
models were derived (Section II). Sections III and IV discuss the development
of PCI and distress prediction models for concrete and asphalt pavements, re-
spectively. Part II contains information requirements for pavement manage-
ment. Section VI describes the information requirements for pavement manage-
ment, and Section VII describes various alternatives for implementation of a
computer-aided pavement management system.

6
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DESCRIPTION OF DATA USED TO DEVELOP MODELS

Airfield pavement data were obtained from 19 U.S. Air Force bases
throughout the United States (see Figure 5). The data consisted of detailed
distress information (including PCI) obtained during surveys conducted by the
authors during FY76 to FY78, and historical information (i.e., material, traf-
fic, design, and climate data). These data were obtained primarily from pave-
ment evaluation reports and direct contact with base and major command pave-
ment engineers. In addition to the raw data, several new variables were
created that combined the effect of two or more of the raw data variables
(such as the stress/strength ratio and the load repetition factor). This
section briefly describes the data base used to develop the PCI and distress
models presented in Sections III and IV.

It is important to note that the reliability and range of applicability
of the empirical models depend largely on the data base from which they were
derived. Thus, the limitations and deficiencies of the data base are de-
scribed.

CONCRETE PAVEMENT DATA (NO OVERLAYS)

Concrete pavements were surveyed at all of the airfields shown in
Figure 5, except Eielson, Fort Wainwright, Craig, Eglin, and Pope Air Force
Bases. The surveys were conducted during the development and validation of
the PCI procedure and also during training and implementation sessions held at
various bases. A total of 76 concrete pavement features* were surveyed, and
after initial examination of the data, 67 features were retained for analysis.
line features were deleted because several data items (such as modulus of rup-
ture) could not be obtained. The following subsections describe the physical
chdracteristics of the pavement f~atures.

Featuzw- T.rPe and Usage

Runways (25 features), taxiways (22 features), and aprons (20 features)
were surveyed. Fifty-eight of the features were considered as primar) pave-
riients, and nine were considered as secondary pavements.

Light-, medium-, heavy-load aircraft currently used in the Air Force were
used at the airfields (see Table 1). The data in the table show that a large
Majority of the pavement features had light-load traffic. The aircraft as-
signed to a particular feature was the most critical aircraft regularly using

* Pavement with the same construction history, having the same

stricture, and subjected to the same traffic.

8
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TABLE 1. SUMMARY OF TRAFFIC AT AIRFIELDS

No. of Pavement Features

Light* Medium** Heavy+
Airfield Load Load Load

Lin-l, Iy 19 1 --

Birksdale -- 1
Wright-Pitterson -- 4
S.,or'w 2 ....

Ucire 1 2 --
Ai 11 i 1lr s 3 ... -

Hill 1 2 --

V,i nc 18 -- --FI IStpmr21 h .... 6 "

Traji -- 2 --

T't)l 1., 9 C)10

*Pri,irily trainers and fighters
• *Pri'-nrily C-141, C-I130, O)C-P, KC-135, C-9

+. -57)

1.
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the pavement. This was difficult for a few features because there was mixed
traffic. For example, if a feature was being used regularly by both light-
and medium-load aircraft, the medium-load aircraft would be assigned. If very
few medium-load aircraft used the feature, the light-load aircraft would be
assigned. The maximum gross weight was used for each aircraft to calculate
stresses in the slab. Traffic areas were designated as A (9 features), B (43
features), and C (15 features).

Slab Thzkness

Table 2 shows the distribution of slab thickness, which ranges from 6 to
22 inches, with a mean thickness of 12.3 inches.

Voint £racina

Table 3 shows the range of joint spacing. Approximately half the fea-
tures have 25- x 25-foot slabs, and the slabs range from 12.5 x 12.5 feet to
25 x 25 feet.

('o~ nrrt, .Xo-? :J o* .upture

The concrete modulus of rupture ranged from 520 to 922 psi, with a mean
of 739 psi.

The modulus of subqrade reaction ranged from 30 to 500 psi, with i mean
of 163 psi. Soil types ranged from fine-grained clay and silt to qrar~ular.
The slab subbase was granular in all cases, with a mean thickness of 5.9
inches.

.Ao of Cost, ,ton

The age of the pavement from time of construction to the date of the con-
dition survey ranged from 2 to 34 years, with an overall mean of 19 years. A
histogram of age is shown in Figure 6.

?!aintenancc

The only two maintenance activities included were slab replacement and
patching (more than 5 square feet each). These variables were quantified as
the percentage of slabs replaced and the percentage of slabs patched. Their
ranges and means were:

Range Mean

Slab Replacement (Percent Slabs) 0 to 23.5 3.1

Patching (Percent Slabs) 0 to 19.0 2.5

I.
'_'- 11

b. I . . .



TABLE 2. FEATURE SLAB THICKNESS

Slab Inches) No. Features
10

7 1
8 1
q 6

10 II
11 7
13 3
14 2
15 4
16 13
18 5
19 2
22 2

TABLE 3. FEATURE JOINT SPACING

Length (Inches) Width (Inches) No. Features

12.5 12.5 6
15 12.5 6
15 15 1
20 12.5 12
20 20 3
25 12.5 3
25 20 2
25 25 34

Total 67

I.
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CZ tiate

Climate was characterized by freezing index, average annual precip-
itation, and average annual temperature. The ranges and means of these
variables were:

Range Mean

Freezing Index (degree d8ys 0 to 678 99
below 32 F)

Precipitdtion (inches) 3.5 te 56 30.7

Average Annual Temperature (OF) 46 to 75 58.3

A variable was created by dividing the stress determined for an interior
lodding condition of the critical aircraft by the concrete's modulus of rup-
ture. The stress was determined using charts which are based on stress charts
prepared by the Portland Cement Association (PCA) computer program
(Rfl-rence 6). The PCA program is based on the Pickett and Ray influence
chdrts (Reference 7). These stress charts are given as Fiqures 7, 8, and 9
for single, dual, and dual-tandem gears, respectively. The stress/strength
(or modulus of rupture) ratio varied from 0.15 to 0.80, with a mean of 0.37.
Figure 10 is a histogram showing the distribution of the stress/strength
ratio. This variable is multiplied by 100 and called FAT* (see Section Ill).

The distress data collected during the condition surveys were used to
compute the mean PCI of each feature, using the standard procedures described
in Air Force Civil Engineering Center (AFCEC) Technical Report (TR) 44 (Refer-
ence 5). The mean PCI was computed from individual sample units selected and
surveyed according to these standard procedures. However, for nine of the
features, the PCI was obtained from a single sample unit selected randomly
from the feature. The PCI ranged from 36 to 97, with a mean of 70.6. Figure
11 is a histogram of the PCI data. A large proportion of the features had
PCIs ranging from 56 to 85, i.e., a Good to Very Good rating. Therefore, when
additional data are collected, it is better to have a greater proportion of
features with lower PCIs to provide a more balanced data set.

Sq b Crack~yw

The percentage of slabs containing corner breaks, longitudinal and trans-
verse cracks, and those in a shattered condition was computed for each fea-
ture. The mean percentage of cracked slabs was 16.6, with a range of 0 to 71
percent.

*Fatigue 14
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Appendix A summarizes all the raw data from each concrete airfield
feature.

CONCRETE OVERLAID WITH CONCRETE PAVEMENT DATA

Concrete overlays were surveyed at Langley, Barksdale, and Williams Air
Force bases. Table 4 gives the means and ranges of the five features sur-
veyed. The concrete overlays ranged in thickness from 8 to 10 inches, with a
mean of 8.6 inches. The mean age of the original slab was 33 years, and the
mean age of the overlay was 17 years. The PCI ranged from 60 to 90, with a
mean of 75. Appendix A summarizes all the physical data from each airfield
feature.

CONCRETE OVERLAID AITH ASPHALT PAVEMENT DATA

Asphalt overlays over original concrete slab airfield pavement features
were surveyed at Wright-Patterson, Scott, Williams, Barksdale, Shaw, Hill,
Ellsworth, Elmendorf, and Langley Air Force bases. Table 5 summarizes data
for the 19 features surveyed. The mean age of the original slab was 29 years,
and the mean age of the asphalt overlays was 9.5 years (see Figure 12 for his-
togram). There are very few relatively older overlays. The mean thickness of
the slab was 9.8 inches, and the mean thickness of the asphalt overlay was 2.7
inches (range: 1.5 to 8 inches).

The stress/strength ratio was computed using the same FAA stress charts,
but slab thickness was modified to provide for an equivalent thickness that
included the asphalt overlay. The following equation was developed, using an
elastic layered program:

Y = 1.00 + 0.0143 X [Equation 1]

where:

Y = stress at bottom of concrete slab with asphalt overlay divided
by stress at bottom of a concrete slab with thickness equal to
total pavement thickness (asphalt overlay plus concrete slab)

X = percent asphalt thickness of total thickness (asphalt overlay
plus concrete slab).

This equation was developed over a range of slab thicknesses (6 to 26 inches)
and asphalt overlay thicknesses (0 to 8 inches). For example, assume the fol-
lowing:

Asphalt Overlay = 5 inches

Concrete Slab = 10 inches

Total = 15 inches

Percent Asphalt of Total = 5 x 100 : 33.3

20
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TABLE 4. SUMMARY OF DATA FOR CONCRETE OVERLAY OF CONCRETE
AIRFIELD FEATURES (5 TOTAL)

Factor Mean Range

PCI 75 60-90
Cracking (Percent Slabs) 24 0-56
Age Original Slab (Years) 33 22-37
Age of Overlay (Years) 17 12-23
Original Slab Thickness (Inches) 10.8 6-19
Overlay Thickness (Inches) 8.6 11-10
Subbase Thickness (Inches) 0 0
Modulus of Rupture (psi) 730 700-800
(original slab)

k-value 098 60-130
*Freezing Index (Degree Days below 30 F) 0 0

Avg. Annual Rainfall (Inches) 34.8 7-47
Avg. Annual Temp. ( F) 63.0 60-69
Stress/Strength 0.36 0.23-0.52

TABLE 5. SUM4MARY OF DATA FOR ASPHALT OVERLAY OF
CONCRETE AIRFIELD FEATURES (19 TOTAL)

Factor Mean Range

PCI 70.5 48-87
Age of Slab (Years) 28.7 17-37
Age of Asphalt Overlay (Years) 9.5 4-21
Slab Thickness (Inches) 9.8 6-21
Asphalt Overlay Thickness (Inches) 2.7 1.5-8.0
Subbase Thickness (Inches) 6.3 0-30.0
Modulus of Rupture (psi) 711 600-850

*k-value (Pounds/cubic inch) 197 60-500
Freezing index (9egee Days below 32 F). 392 0-2070
Avg. Annual Temp. ( F) 52.8 31-69
Stress/Modulus of Rupture 0.70 0.28-1.61

21
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Y 1.00 + 0.0143 x 33.3 = 1.476

Assume that the stress for a 15-inch slab for a particular aircraft loading is
220 psi, as determined from the FAA charts. Thus, the stress at the bottom of
the concrete slab for a 5-inch asphalt overlay over a 10-inch concrete slab
is:

1.476 x 220 = 325 psi

The 325 psi is then divided by the concrete modulus of rupture to determine
the stress/strength ratio. The ratio varied from 0.28 to 1.61, with a mean of
0.70.

ASPHALT PAVEMENT DATA (NO OVERLAYS)

Asphalt concrete (AC) pavement data were collected during the PCI devel-
opment, validation, and training. Reliable information for use in developing
the consequence models was obtained for 26 features at Pope, McGuire,
Williams, Vance, Homestead, Elmendorf, Ellsworth, Scott, Travis, and Hill air-
fields. These airfields are located throughout the United States (Figure 5).
The following subsections describe the physical characteristics of the pave-
ment features.

Feature Type and Usage

Runways (8 features), taxiways (16 features), and aprons (2 features)
were surveyed. Twenty of the features were primary pavements, and six weresecondary.

Traffic

Light-, medium--, and heavy-load aircraft currently used in Air Force
operations were used at the airfields (Table 6). Most pavement features had a
light- and medium-traffic load. The traffic areas were designated as A (5
features), B (12 features), and C (9 features).

AC Thickness

Figure 13 illustrates the distribution of AC thickness, which ranged from
2 to 7.5 inches, with a mean of 3.9 inches.

Base Thickness

Table 7 shows the distribution of base thickness, which ranged from 4 to
27 inches, with a mean thickness of 9.5 inches.

21
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TABLE 6. SUMMARY OF TRAFFIC AT AIRFIELDS*

No. of Pavement features

Liqht Med i um Heavy
iirFieJs Load Load Load

.iI i ,ris 3-_
rlr 7

Homestead 32- : , Ijrf 1
S 1 ;~ r'.; * 2

~ 2): .7 E 2-

1 14 10 2

S:i:n of aircraft type, see Taible 1.

TABLE 7. FEAT'IRE BASE THICKNESS

3as (nchsj No. Features

4 1
6 II

3 1
9 1

10 1

11 2

12 4
13 4

27 1

I.
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Subbase Thickness

Table 8 shows the distribution of subbase thickness, which ranged from 0
to 28 inches, with a mean thickness of 9.4 inches.

Base CaZifornia Bearina Ratio (CBR)

The base material included silty sand, crushed limestone, and cement-sta-
bilized soil. Figure 14 illustrates the distribution of the base CBR. A
range of 24 to 100 with a mean CBR of 71 percent was obtained.

Subbase CBR

The subbase material included coarse sand, silty sand, and clay sand.
Table 9 shows the distribution of the subbase CBR. A range of 0 to 100 was
obtained, with a mean CBR of 24.7 percent.

Suz hrade C0R

Tjble 1fl shows the distribution of subgrade CBR. A range of 4 to 80,
with a ;iean C3R of 21.9 percent was obtained.

Aqje of Construction

The age of the pavement from time of construction to the date of the con-
ditiorn survey ranged from 0.5 to 35 years, with a mean of 18 years. Figure 15
illustrates the distribution of pavement age.

." intenayc?

The only maintenance activity included was patching, which was expressed
as a percent area of the pavement feature. The percent patching ranged from 0
to 0.5, with a mean of 0.135.

C~"7Ut e

Climate was characterized hy the freezing index, average annual precip-
itation, average annual Lemperature, annual temperature range, and daily tem-
perature range. The ranges and means of these variables are as follows:

Range Mean

Freezinq Index (degree days 0 - 2070 175
below 32 F

Precipitation (inches) 7 - 56 31.7

Average Annual Temperature ( F) 36 - 69 59.7

Average Annual Temperature Range (0F) 15 - 51 40,0

Average Daily Temperature Range ( F) 15 - 31 21.7

126
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TABLE S. FEATURE SUBBASE THICKNESS

Base Inches No. Features Base Inches No. Features

0 8 11 2
5 1 16 1
7 4 18 2
8 2 24 2
9 2 28 2

TABLE 9. FEATURE SUBBASE CBR

CBR (%) No. Features

0 - 10 3
11 - 20 6
21 - 30 4
31 - 40 4
41 -50 2
51 -60 0
61 -70 0
71 - 80 1
1 - 90 0

91 - 100 1

TABLE 10. FEATURE SUBGRADE CBR

CBR (%) No. Features

0- 10 15
11 - 20 1
21 - 30 3
31 - 40 2

i. 41 - 50 1
51 - 60 0
61 - 70 0
71 - 80 3
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The load repetition factor (a), was introduced by Brown and Rice (Refer-
ence 8,as a thickness percentage to account for the number of traffic passes
in flexible pavement design. The design equation they have developed is as
follows:

t = uf{/[0.048 - 1.1562' (Log pB- - 0.06414(Log pBR2
0.473 (Log CBR)3] [Equation 2]

pe

where: t = Pavement thickness above layer considered (inches)
A = Contact area of one tire (square inches)

CBR = California Bearing Ratio for layer considered
pe = Tire pressure (psi) calculated using contact area

A, and equivalent single-wheel load (ESWL) Pe
determined at depth t;pe = Pe/A.

To use Equation 2, the ESWL (Pe) at any selected depth, t, must be
computed first. Pe can be determined from the following equation (Reference
9), which is based on the Boussinesq one-layer theory and the Corps of
Engineers equal deflection approach:

n

Pe = Pk i=I F imax
eF [Equation 31

e

where: Pk = wheel load per individual wheel
Fe = deflection factor under the centerline of the

equivalent single-wheel at depth t.

Fe= 1.5

[I + (t/a)2] [Equation 4]

(Fe can also be determined from Figure 16)

i.
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a 2 radius of contact of tire of equivalent single wheel
2 radius of contact of one tire of group of wheels

being considered.
EF ima maximum sum of deflection factors Fi at depth t

imax caused by wheels (i=I to n) being considered;
the Fi values are determined from Figure 16.

Several computations should be made to determine F. . For dual wheels,
EF. values are usually computed under one wheel and the'Rter of the two
whels, and the maximum value is then selected. Figure 17 illustrates the de-
termination of Pe for a C-130 aircraft at depth of 20 inches.

Computation of ESWL may be expedited by using Figures 18 and 19. For ex-
ample, for the C-130 aircraft at a depth of 20 inches, the ESWL is determined
from Figure 17 to be 60 percent of load on a controlling number of wheels.
The controlling number of wheels for the C-130 aircraft is two (or one main
gear), as indicated in Table 11. The ESWL is the same as that obtained in
Figure 17.

The load repetition factor for all pavement features was determined at
the AC/base interface (0AC) and at the subgrade level (S G). The thickness t,
used to compute xSG' does not consider the difference in materials (i.e., AC,
granular material, etc.) Therefore, equivalency factors (Table 12) for dif-
ferent materials were used to compute an equivalent total thickness above the
subgrade. The load repetition factor at the subqrade level, which was also
calculated using the computed equivalent thickness, was included in the anal-
ysis. The mean and range of the load repetition factors for all pavement fea-
tures are:

Mean Range

Load repetition factor at 0.70 0.34 - 1.30
AC/base interface

Load repetition factor at 1.48 0.72 - 2.83
subgrade level

Load repetition factor at 1.89 0.818 - 3.06
subgrade level based on
equivalent thickness

Pavement Condition Index (PCI)

The PCI was determined for each feature according to the procedures de-
scribed in AFCEC TR 44 (Reference 5). With the exception of a few cases, a
statistically acceptable number of sample units was used to determine the PCI
of the features. (After more data become available, it is recommended that
these few cases be removed.) Figure 20 shows the distribution of the PCI.
The PCI values ranged from 12 to 100, with a mean of 61.
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TABLE 11. AIRCRAFT TIRE CONTACT AREAS AND TOTAL NUMBER OF MAIN GEAR WHEELS

Total No. of No. of Pass to Coverage Ratio
Tire Contact All Main Gear Controlling Taxiways and Runway

Aircraft Area (Square Inches) Wheels (Hm) Wheels (Nc) Runway Ends Interior

C-123 100 2 1 5.23 10.38
F-4 100 2 1 3.58 17.00
F-Ill 241 2 1 4.92 9.80
C-130 400 4 2 2.09 4.05
DC-9-30 165 4 4 3.58 6.90
737-200 174 4 2 3.62 6.73
727-200 237 4 2 3.25 6.00
707-320B 218 8 4 1.62 3.00
C-141 208 8 4 1.72 3.17
C-5 285 24 24 0.81 1.10
747F 245 16 16 1.85 2.77
B52 267 8 4 1.63 2.00

TABLE 12. EQUIVALENCY FACTORS

Stabilizing Surface Base Subbase
Material Agent Course Course Course Subgrade

AC Asphalt 1.70 1.70 1.70 --

Unbound Crushed Stone .... 1.40 1.40 --

Sand-Gravel Cement -- 1.60* 1.60"* --

Clay-Gravel Cement -- 1.45* 1.45"* --
Fine-Grained Soil Cement -- 1.25* 1.25"* --

Clay-Sand Cement -- 1.15* 1.15"* --

Clay-Sand Fly Ash .. .. 1.15* --

Sand-Gravel or Clay- Asphalt -- 1.50 1.50 --

Gravel+
Fine-Grained Soil Lime .. .. 1.10++ 1.10+++
Unbound Granular Material .... .. 1.00 --

* To use equivalency factor in evaluation, unconfined compressive

strength of layer must be 1000 psi.
** To use equivalency factor in evaluation, unconfined compressive

strength of layer must be 700 psi.
+ Bituminous.

++ To use equivalency factor in evaluation, unconfined compressive
strength of layer must be 2000 psi.

+++ To use equivalency factor in evaluation, unconfined compressive
strength of layer must be 100 psi.

S'1 36
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Alligator Cracking

The percentage of area containing low-, medium-, and high-severity alli-
gator cracking was computed for each feature from collected distress data.
Table 13 shows the distribution of percent of alligator crackina. The per-
centage of total alligator cracking (i.e., low plus medium plus high severity)
ranged from 0 to 51, with a mean of 6.4 percent. Half of the features had a
total percentage of alligator cracking that was less than 1 percent. Table
B-l of Appendix B summarizes all the data from each feature.

ASPHALT PAVEMENT OVERLAI WITH AC DATA

AC overlays over flexible pavements were surveyed at Pope, George,
McGuire, Eielson, Ellsworth, Scott, and Hill Air Force bases. Eleven features
were surveyed; Table 14 gives the means and ranges of the individual charac-
teristics. Table B-2 of Appendix B summarizes all of the data from each
feature.

9.
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TABLE 13. SUMMARY OF THE ALLIGATOR CRACKING OF ASPHALT PAVEMENT FEATURE

Mean Range

Low Alligator Cracking 1.68 0 - 10.2
Medium Alligator Cracking 4.8 0 - 43.6
High Alligator Cracking 0.3 0 - 6.9

Total Alligator Cracking 6.8 0 - 50.8

TABLE 14. SUMMARY OF DATA FOR AC OVERLAY OF FLEXIBLE PAVEMENT

Factor Mean Range

PCI 56.8 ' - Q
Alligator Cracking (Percent) 5.6 0- 0 ,5
Patching (Percent) 0.35 n - 4.7
Age of Original Construction (Years) 28 19 - 35
Age of Overlay (Years) 9.4 4 - 23
Original Thickness of AC (Inches) 4.2 2.5 - 6.5
Thickness of AC Overlay (Inches) 2.4 0.5 - 3.0
Base Thickness (Inches) 8.0 4 - 16.5
Subbase Thickness (Inches) 8.2 0 - 42
Base CBR (Percent) 56 24 - 100
Subbase CBR (Percent) 26 0 - ion
Subgrade CBR (Percent) 20 5 - 50
Freezing Index (Degree Days below 32 F) 1095 0 - 5320
Precipitation (Inches) 29.6 3.5 - 47
Average Annual Temperature (OF) 50.8 26 - 61
Average Annual Temperature Range °F) 22 19 - 29
Average Daily Temperature Range ( F) 46 35 - 61
Load Repetition Factor at AC/Base .83 0.43 - 1.43
Interface
Load Repetition Factor at Subgrade Level 1.25 0.59 - 3.0
Load Repetition Factor at Subgrade Level

Based on Equivalent Thickness 1.50 0.73 - 3.42

A.
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SECTION III

CONCRETE PAVEMENT PCI AND CRACKING PREDICTION

')BJECTIVES OF THE PREDICTION MODELS

The principal objectives of the prediction model are to forecast the PCI
and key distresses of an existing pavement feature Lo predict the "con-
sequences" of a variety of possible M&R alternative actions. Such capability
would aid greatly in deciding what M&R alternative to recommend for specific
paveiient features. Ideally, the models should be capable of forecasting PCI
)nJ key distresses for the following actions: application of routine M&R, ap-
plic,_rion of major M&R, placement of an overlay, and proposal of an aircraft
;4sion change. The models should also provide insight into the variables

tht cause deterioration of concrete pavements.

T'._s, objectives -were all addressed, but only partially achieved because
If in insufficient data base. However, the results indicate that these objec-

* . 'ives cjn be achieved if an adequate data base is obtained (i.e., many addi-
tinnfl airfield pavement features). Thus, the models discussed in this section
sh,,,JlA , considered as tentative, not as final validated models. Neverthe-
l:ss, thK y illustrate that with an adequate data base, there is great potential
to develop pre2dictive models that are very practical and useful for helping

aik' pave(!ient iiaintenance and operational decisions.

)EVELOPMENT 9F PCI PREOICTION MODELS

,!arly all of the concrete airfield pavements constructed on U.S. Air
Force bases have been plain-jointed concrete with short joint spacings (12 to

S f,_et). Some of these pavements have been overlaid with either asphalt or
crncr.t eci is,! of either a change in the mission aircraft or significant de-

r .r bra L ion.

The first step in model development was to identify all major variables
(cilled independent variables) believed to significantly influence the PCI.
This 3wiS accomplished by reviewing literature, interviewing major command and
. ose aveinent engineers, and reviewing previous experience of the project
;tIff. Th'! avdilability of information, cost, and time required to collect
,ch independent variable for each airfield feature was assessed, and it was
caonclj]i chat several variables could not be obtained within the available
r,!soIrc1s. Table 15 lists the independent variables considered important in

!the bvelupment of the concrete pavement PCI prediction models and those from
..hicil dita were actually collected. The chosen data were collected from 67
coicr*3t features having no overlay, 19 asphalt overlay features, and 5 con-
crot, overlay features having the characteristics described in Section II.

1f -r the initial date collection, considerable effort was required to
. in" to diata and eliminate errors. The data were coded and keypunched for

.)roc,si n . The Statistical Package for the Social Sciences (SPSS)
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TABLE 15. LIST OF INDEPENDENT VARIABLES CONSIDERED IN THE DEVELOPMENT
OF THE CONCRETE PAVEMENT PCI PREDICTION MODELS

I. Variables used to develop models (data obtained from each feature):

AGE (Time Since Original Construction of Slab) -- Years
SLAB (Concrete Slab Thickness) -- Inches
BASE (Granular Subbase Thickness) -- Inches
JSL (Longest Joint Spacing) -- Feet
JSS (Shortest Joint Spacing) -- Feet
MR (Modulus of Rupture of Concrete) -- psi
K (k-Value of Slab Foundation) -. Pounds/Cubic Inch
ACWGT (Gross Maximum Weight of Critical Aircraft Using

Feature) -- kips
FAT (Ratio of Stress to Modulus of Rupture [Strength] x 100)
PEI (Pavement Evaluation Index)
FEAT (Type of Feature: Runway, Taxiway, Apron)
AREA (Traffic Area: A, B, C)
PS (Usage of Feature: Primary or Secondary,
F1 (Freezing Index) -- Degree Days Below 32 F
PPT (Average Annual Precipitation) -- Inches
TEMP (Average Annual Temperature) -- F
SR (Slab Replacement) -- Percent of Total Slabs
PATCH (Large Patching) -- Percent of Total Slabs
ACOL (Existence of AC Overlay)
PCOL (Existence of Concrete Overlay)

II. Other variables considered which had important effects on PCI data,
but were not obtained because of cost, time required, or lack of
availability:

Number of Aircraft Passes Over Feature
Joint Design
Joint Load Transfer Efficiency
Several Additional Climatic Variables (Number of Freeze-Thaw

Temperature Gradients Through Slab, Monthly
Distribution of Precipitation, etc.)

Drainage Condition of Pavement Feature
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(Reference 10) was used for all data analysis. The SPSS is an excellent,
well-documented, and widely used system useful for all types of statistical
analyses.

The data were first analyzed by obtaining frequency plots, cross tabu-
lation tables, and graphs of each independent variable (i.e., AGE, FI, FAT) vs
the dependent variable (PCI). Figures 21 through 27 are graphs of variables
having the highest correlations. Table 16 is a matrix which shows how each
variable correlates independently with che others. The matrix shows consid-
erable intercorrelation between the variables, which complicates the devel-
opment and interpretation of a predictive model.

A tentative linear model was selected and many runs of the SPSS stepwise
regression program were conducted to obtain the best predictive model of PCI
as a function of the independent variables listed in Table 15. The model was
constrained so that it would fit the important boundary condition of the PCI =
100 just after initial construction, or overlay. This boundary condition
would occur since there would normally be no observable distress just after
construction.

Many runs of the SPSS stepwise regression program were made over a period
of several months. Table 17 gives the final results. The stepwise regression
procedure starts with the simple correlation matrix between the PCI and each
variable and enters into regression the independent variable most highly cor-
related with the dependent variable (PCI) (Step 1). Using partial correlation
coefficients, it then selects the next variable to enter regression, i.e.,
that variable whose partial correlation with PCI is highest. At every step,
the procedure re-examines the variables included in the equation in previous
steps (Reference 10). The program does this by testing every variable at each
stage as if it had been the last to enter and checks its contribution by means
of the partial F-test.* Thus, some variables may be removed from the equation
after they have been entered.

The more independent variables there are entering the equation, the better

the equation will fit or model the data for predicting PCI. However, after a
certain point, the effect of additional variables in terms of increasing the
R? or decreasing the standard error will be insignificant. One criterion often
used as a basis for deciding how many steps (or variables) to retain in a
regression model is inclusion of only those variables whose estimated coeffi-
cients are significant at the 0.05 level. The equation would therefore include
variables entered in Steps 1 through 8, yielding the predictive equation on
page 52.

Standard statistical test.
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TABLE 17. SUMMARY OF STEPWISE REGRESSION FOR PLAIN-JOTNTED
CONCRETE PAVEMENTS INCLUDING ASPHALT AND CONCRETE
OVERLAYS (NUMBER OF FEATURES = 91)

Entered or Standard
Step Variable Removed R2  Error

1 AGE Entered 0.08 140.1
2 FAT*AGE Entered 0.10 120.9
3 SR*AGE Entered 0.13 120.0
4 ACOL x AGE Entered 0.19 110.7
5 JSL*JSS*AGE Entered 0.25 110.3
6 FI*AGE Entered 0.28 110.1
7 PATCH*AGE Entered 0.33 100.8
8 TEMP*AGE Entered 0.37 100.5
9 PS*AGE Entered 0.39 100.4

10 SLAB*AGE Entered 0.40 100.4

I.

1" 51



PCI = 100.0 - AGE [0.01967FAT - 0.02408SR + 0.001051

(JSL x JSS) + 0.94191ACOL + 0.03475PATCH +

2.91238 - 0.001775F1 - 0.04066TEMP] [Equation 5]

R = 0.37 (adjusted for mean of dependent variable)

Standard Error = 10.5

N = 91 features

where: PCI = Pavement Condition Index at time AGE since
construction or overlay with asphalt or concrete

AGE = time since construction of slab or, if overlaid,
time since overlay construction (years)

FAT = (ratio of interior slab stress/modulus

of rupture) x 100

SR = slab replacement (percent total slabs)

JSL = longest joint spacing (feet)

JSS = shortest joint spacing (feet)

ACOL = 1 if asphalt overlay exists
= 0 if no asphalt overlay exists

PATCH = slabs containing large patches
(5 square feet), percent of total slabs, or
percent area of total area patched if
overlaid with asphalt

TEMP = average annual temperature (OF)

F1 = freezing index (degree days below 32 F)

Equation 5 will be used in the various analyses discussed below. Figure 28
compares the predicted PCI with the measured PCI.

EVALUATION OF THE PCI PREDICTION MODEL (EQUATION 5)

|, Practically, the model (Equation 5) can be tested according to the fol-
lowing criteria:

1'.
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1. Does the model meet the appropriate boundary conditions? For exam-
ple, when AGE = 0, or just after construction, the PCI should equal 100. The
functional form of the model shows that this condition is satisfied. It also
shows that as time increases, the PCI will decrease at a rate that depends on
several important variables, including pavement structure and traffic.

2. Are the coefficients reasonable? Because the variables are inter-
correlated, the coefficients of each independent variable do not exactly re-
present the independent influence that each variable has on the PCI. For ex-
ample, to determine the exact influence of AGE on the PCI, the user cannot
merely change AGE and hold all other variables constant to calculate the
change in PCI, because other variables may change with AGE (such as patching
and slab replacement). For example, if the change in PATCH and SR with AGE
can be approximately estimated, then they can be varied with AGE and the true
effect on PCI determined through a sensitivity analysis.

The sign of the coefficient is also very important, since it indicates
the direction of change in the PCI caused by a change in any of the indepen-
dent variables. For example, as AGE increases, the PCI decreases. This is a
logical result, since all pavements deteriorate with time. As joint spacing
increases, the PCI decreases, because the longer or larger the slab, the
higher the thermal curling and moisture warping stresses which contribute to
slab cracking. Several field and analytical studies have shown that longer
joint spacing produces increased cracking (References 11 dnd 12).

The effects of TEMP and FI must be considered together, since they are
highly correlated. Results show that pavements in relatively cold climates
(FI is high and TEMP is low), such as the northern United States, have the
highest PCIs. Pavements in the lower midsection of the United States k'here
FL is near zero) have the lowest PCIs. Pavements in the southern areas have
PCIs that range between these two limits. For example, identical pavements
subjected to the same traffic in the three areas listed below would have the
following PCIs after 25 years:

PCI TEMP FI

Wisconsin 75 45 1000
Missouri 40 55 0
Texas 55 70 0

These results are difficult to explain, but perhaps the low PCI in the mid-
section may be caused by the large number of freeze-thaw cycles that often
result in concrete durability problems (i.e., "D" cracking). This distress
has caused many problems in several midwestern states. There are fewer
freeze-thaw cycles in colder than in warmer climates. The reason that pave-
ments in the south have lower PCIs than those in the north may be related to
the larger number of thermal gradients occurring in the south over the entire
year (Reference 10).

Increasing the percentage of slabs replaced will increase the PCI, and
increasing the percentage of slabs patched or the percentage of area patched
for asphalt overlays will decrease the PCI, a result that appears to be con-
tradictory. However, the reason for this is that features exhibiting
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I. Does the model meet the appropriate boundary conditions? For exam-
ple, when AGE = 0, or just after construction, the PCI should equal 100. The
functional form of the model shows that this condition is satisfied. It also
shows that as time increases, the PCI will decrease at a rate that depends on
several important variables, ilcluding pavement structure and traffic.

2. Are the coefficients reasonable? Because the variables are inter-
correlated, the coefficients of each independent variable do not exactly re-
present the independent influence that each variable has on the PCI. For ex-
ample, to determine the exact influence of AGE on the PCI, the user cannot
merely change AGE and hold all other variables constant to calculate the
change in PCI, because other variables may change with AGE (such as patching
and slab replacement). For example, if the change in PATCH and SR with AGE
can be approximately estimated, then they can be varied with AGE and the true
effect on PCI determined through a sensitivity analysis.

The sign of the coefficient is also very important, since it indicates
the direction of change in the PCI caused by a change in any of the indepen-
dent variables. For example, as AGE increases, the PCI decreases. This is a
logical result, since all pavements deteriorate with time. As joint spacing
increases, the PCI decreases, because the longer or larger the slab, the
higher the thermal curling and moisture warping stresses which contribute to
slab cracking. Several field and analytical studies have shown that longer
joint spacing produces increased cracking (References 11 and 12).

The effects of TEMP and F1 must be considered together, since they are
highly correlated. Results show that pavements in relatively cold climates
(FI is high and TEMP is low), such as the northern United States, have the
highest PCIs. Pavements in the lower midsection of the United States (where
FI is near zero) have the lowest PCIs. Pavements in the southern areas have
PCIs that range between these two limits. For example, identical pavements
subjected to the same traffic in the three areas listed below would have the
following PCIs after 25 years:

PCI TEMP FI

Wisconsin 75 45 1000
Missouri 40 55 0
Texas 55 70 0

These results are difficult to explain, but perhaps the low PCI in the mid-
section may be caused by the large number of freeze-thaw cycles that often
result in concrete durability problems (i.e., "D" cracking). This distress
has caused many problems in several midwestern states. There are fewer
freeze-thaw cycles in colder than in warmer climates. The reason that pave-
ments in the south have lower PCIs than those in the north may be related to
the larger number of thermal gradients occurring in the south over the entire
year (Reference 10).

Increasing the percentage of slabs replaced will increase the PCI, and
increasing the percentage of slabs patched or the percentage of area patched

- for asphalt overlays will decrease the PCI, a result that appears to be con-
tradictory. However, the reason for this is that features exhibiting
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significant deterioration have usually been patched previously. On the aver-
age, the PCI is significantly less for patched features, apparently because of
the greater deteriordtion.

The PCI decreases as the ratio of stress/modulus of rupture x 100, or
FAT, increases. This is a very logical trend, because the higher the ratio,
the greater the fatigue damage from repeated aircraft traffic, which means
that slab cracking will occur sooner. When an asphalt overlay is placed, its
PCI decreases more rapidly than the PCI of the original concrete slab. This
result is expected, since all of the cracks and joints in the concrete slab
will soon reflect through the asphalt overlay and generally begin spalling.
Therefore, all coefficients have logical and physically rational signs.

3. Is the equation plausible, i.e., how well does it represent a real-
istic situation? The equation would be plausible if all the variables affect-
ing the PCI were included in the appropriate functional form. The PCI is a
composite index of all existing pavement distress which is caused by or influ-
enced by one or more of the following categories of variables: traffic, cli-
mate, materials, construction, concrete slab and subbase, foundation, previous
maintenance, and overlay placement. Most of these categories are represented
to some degree in Equation 5.

a. Traffic. The critical aircraft gear configuration and weight are in-
cluded directly in the calculation of interior slab stress used to'calculatc
FAT. The number of repeated loads is only indirectly considered through the
AGE variable, since time is roughly proportional to accumulated aircraft
passes. The number of passes would vary greatly between light-, medium-, and
heavy-load aircraft, as well as between features.

b. Climate. Equation 5 includes the F1 and TEMP variables, which are
used to consider the influence of temperature on concrete slabs. The average
annual precipitation (PPT) did not enter the equation, which is surprising,
since moisture is believed to greatly affect pavement distress. However, the
probable reason for this is because this variable correlates with F1 and TEMP,
i.e., there is higher annual rainfall in southern areas than in northern
areas. In addition, the PPT may not be an adequate indicator of moisture ef-
fects. Often, local groundwater conditions or a "pumpable" softbase lead to
fast deterioration, and these variables are not included in the equation.

c. Materials. The concrete modulus of rupture is the only slab/subbase
material variable included. This variable is important, because it affects
FAT, and consequently PCI. The k-value of the foundation is included as a ma-
terial property, and is discussed under the foundation category below. Thus,
there are considerable deficiencies in terms of material properties, since
many additional material properties could affect the PCI.

Sth d. Construction. The quality of construction is only considered through
the mean concrete strength and layer thickness variables. Several factors are
not considered, including variability of properties, air content, and quality
of joint construction, because information was not available.

, . 55
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e. Concrete Slab and Subbase. This category is represented by the
variables concrete slab thickness (as used to calculate FAT) and slab size or
joint spacing (JSL x JSS), both of which significantly influence PCI. Other
slab variables which influence this category include joint configuration and
joint load transfer efficiency. All subbases for which data were available
were granular. Even though subbase thickness was a variable, it did not enter
the equation.

f. Foundation. This category is represented by the modulus of subgrade
reaction (k-value), which is used to calculate interior slab stress, and thus
FAT. This single parameter does not represent the entire influence of the
foundation on pavement deterioration; other factors, such as soil type, expan-
sion potential, moisture content, etc., may also be important.

9. Maintenance. The amount of previous repair affects the PCI. Two
maintenance variables are included in the equation: large patches (PATCH)
(greater than 5 square feet) and slab replacement (SR). Variables that were
not included are joint and crack sealing and small patches.

h. Overlay. The 91 pavement features from which Equation 5 wns devel-
oped included 19 asphalt overlays and 5 concrete overlays. These data are
designated by special symbols in Figure 29. The mean age of the asphalt over-
lays is approximately 10 years, and the general grouping of data is lower than
the nonoverlaid pavements, which explains why the AC or variable entered Equa-
tion 5. Thus, asphalt overlays are not performing as well as the original
concrete slabs.

'4ore data are needed to determine the long-term influence of time on the
PCI of asphalt overlays; however, the concrete overlays appear to be per-
forming as well as or better than the nonoverlaid pavements.

While Ecuation 5 contains several variables that affect PCI, many others
also known to influence it are not included. However, the equation is ex-
pected to reproduce or model some of the major aspects of pavement deterio-
ration.

4. Is the model usable? Equation 5 has several deficiencies, including
the fact that it is based on an insufficient data base. Nevertheless, the
following analysis shows that the equation has several important potential
uses. First, a sensitivity analysis was conducted using the equation to show
the general influence of the variables on PCI. The following typical pavement
feature was selected:

Mean Range

|. SLAB 16 inches 6-23 inches
K 350 pounds/cubic inch 50-500 pounds/cubic inch
MR 700 psi 500-900 psi
JSL & JSS 25 x 25 feet 25 x 25 to 15 x 12.5 feet
ACWGT -- light, medium, heavy
TEAP 63F
F1 0 degree days below 32°F --

*1 SR 9, 0
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PATCH varied according to PCI:

PCI PATCH

0-29 10
30-39 8
40-49 4
50-59 2
60-100 0

Using Equation 5, graphs were prepared in which slab thickness, modulus
of rupture, k-value, slab size, and aircraft type (and weight) were varied
over typical values found in the field (see Figures 30 through 33). It was
noted that after 25 years of service, slab thickness dramatically influences
the PCI, particularly slabs less than 15 inches thick. The aircraft type (or
weight) also greatly influences the PCI, particularly for thinner slabs. As
the slab becomes thicker, the influence of aircraft greatly diminishes,
because the damage caused by high-load stress is much less significant on a
thicker slab. The k-value has a smaller influence than slab thickness on PCI
(although its influence is much greater for values less than 200 pounds/cubic
inch than for those more than 200 pounds/cubic inch and for medium to heavy
aircraft). Slab size significantly influences the PCI; i.e., the larger the
slab is, the less the PCI will be, because larger slabs display an increased
tendency to crack when subjected to increased thermal and moisture gradient
stresses. These stresses increase greatly as joint spacing increases; e.g.,
from 15 to 25 feet (Reference 11). Decreasing the spacing from 25 to 15 feet
will make the PCI after 25 years approximately 18 points higher. Increased
cracking will lower the PCI. The concrete modulus of rupture is a signifi-
cant influence for the medium- and heavy-load aircraft, but not for the
light-load aircraft because of the higher load-fatigue damage resulting from
the heavier aircraft. These results appear to be reasonable.

Next, an analysis was conducted to illustrate the use of Equation 5 for
predicting the consequences of maintenance and repair decisions. The follow-
ing typical pavement feature was used for the analysis:

AGE = 15 years MR = 700 psi
PCI = 75 ACWGT = 60 kips (fighter)
SLAB = 10 inches PATCH = 0%

K = 200 pounds/cubic inch SR = 0%
JSL = 15 feet F1 = 0 gegree days below 32 F
JSS = 12.5 feet TEMP = 55 F

a. If routine maintenance were continued as in previous years, when
would the pavement require rehabilitation? Assume that rehabilitation is
needed when the PCI = 40.

I.
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First calculate the FAT:

FAT = interior stress* 320 x 100 46modulus of rupture X 100 7

Adjust Equation 5 to "fit" the specific age and PCI of the pavement:

PCI = 100 - AGE [0.01967FAT - 0.02408SR + 0.9419ACOL
+ O.001051(JSLxJSS) - 0.001775FI - 0.04066TEMP
+ 0.034748PATCH + 2.91238]C

where: PCI = 75 SR = 0 TEMP = 55
AGE = 15 FAT = 46 Fi = 0
JSL = 15 PATCH = 0 ACOL = 0
JSS = 12.5 SLAB = 10

Thus, C = 0.937 (this factor must be used with Equation 5 for this
particular pavement feature, so that the PCI at
15 years is 75).

Now using Equation 5 and including C, the AGE when the PCI = 40 can be
computed (PATCH = 5 percent, which is assumed for a PCI of 40):

40 = 100 - AGE [1.9517] 0.937

AGE = 33 years.

Thus, the pavement is expected to need rehabilitation in approximately
33 - 15 = 18 years from the present.

b. If 15 percent of the slabs are replaced, when will the pavement need
rehabilitation? Using SR = 15 percent, Equation 5 is resolved for the time
when PCI = 40:

40 = 75 - TIME [0.01967 x 46 - 0.02408 x 15 + 0.001051 x
15 x 12.5 - 0.04066 x 55 + 0.034748 x 5 + 2.91238] 0.937

TIME = 23 years from present.

Thus, the slab replacement program extends the life by 23 - 18 = 5 years, or
28 percent. Note that 75 was used instead of 100 because this is the existing
PCI of the pavement.

* Note: Interior-stress determined from Figure 7.
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c. If the mission aircraft is changed from fighter (light load) to
medium-load cargo with a gross aircraft load of 335 kips, when will the pave-
ment need rehabilitation? First, calculate the FAT for the new aircraft:

FAT = 650* psi x 100=93
700 psi

Equation 5 is now solved for TIME until PCI = 40:

40 75 - TIME [0.01967 x 93 - 0.02408 x 0 + 0.9419 x 0
+ 0.001051 x 15 x 120.5 - 0.001775 x 0- 0.04066 x 55
+ 0.034748 x 5 + 2.91238] 0.937

TIME = 13 years from present.

Thus, with the medium-load traffic, the time until rehabilitation is now ex-
pected to be 13 years instead of 18 years, a life decrease of 23 percent.

d. If the mission aircraft was changed from the fighter to the C-141,
with a gross weight of 300 kips, and an asphalt overlay of 5 inches was pro-
posed, would this design last another 20 years until the PCI = 40?

First compute FAT for the C-141, assuming a slab thickness of 10 + 5 = 15
inches.

% AC of total = 5 x 100 _ 33.315

Thus, from Equation 1: Y = 1.00 + 0.0143 x 33.3
= 1.476

Interior stress for 15 inches of PCC from Figure 9 is 360 psi. Adjusting
this stress for the 5 inches of asphalt overlay:

360 x 1.476 = 531 psi (stress at bottom of a 10-inch

slab with a 5-inch asphalt overlay)

The FAT for the C-141 is calculated as follows:

FPT = -3- x 100 = 76
700

i.

*rJote: Interior stress determined from Fiqure 0.
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The time until PCI = 40 is now computed as:

40 = 100 - AGE [0.01967 x 76 + 0.001051 x 15
x 12.5 - 0.04066 x 55 + 0.9419 x 10.0
+ 0.034748 x 5 + 2.91238] 0.937

AGE = 18 years from present.

Note that 100 is used because the PCI will be 100 after the overlay is
placed. Thus, for the C-141, an overlay of 5 inches of AC will not extend the
life for 20 years, because another overlay will be required after 18 years.
Considerable additional work is needed to study this important aspect more ad-
equately, so that life predictions of overlays can be conducted more accu-
rately.

DEVELOPMENT OF SLAB CRACKING PREDICTION MODEL

Slab cracking is the most serious distress found in plain-jointed con-
crete pavements. Thus, if a predictive equation could be developed for slab
cracking, it would be useful to personnel making M&R decisions. Data were
collected from the 67 plain-jointed concrete pavements. Cracking was defined
as percent slabs having either corner breaks, longitudinal and transverse
cracking, or divided or shattered slabs. The stepwise regression procedures
were used to develop a predictive model for slab cracking. Table 18 sum-
marizes the stepwise regression results. Very little improvement in the equa-
tion occurs after the sixth step. However, if the user wishes to include only
those variables whose estimated coefficients are significant at the 0.05
level, then only the variables contained in the first five steps should be
used. Thus, the following predictive equation is obtained:

CRACK = AGE [0.02652 TEMP - 0.03183 SR - [Equation 6]

0.147 SLAB + 0.00236 (JSL x JSS) +
0.9191 AREA].

Statistics: R2 = 0.44

Standard Error = 14.5

n = 67 features (no overlays included)

where: CRACK = slab cracking (percent of total slabs)
AGE = time of original construction of slab (years)

TEMP = average annual temperature (0F)
SR = slab replacement (percent of total slabs)

SLAB = thickness of concrete (inches)
JSL = longest joint spacing (feet)
JSS = shortest joint spacing (feet)
AERA = 1 for an A traffic area, 0 for B or C traffic areas.
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TABLE 18. RESULTS FROM STEPWISE REGRESSION FOR SLAB
CRACKING (n = 67) FOR PLAIN-JOINTED CONCRETE

Entered or Standard
Step Variable Removed R2  Error

I TEMP x AGE Entered 0.17 170.0
2 SR x AGE Entered 0.23 160.5
3 SLAB x AGE Entered 0.28 160.2
4 JSL x JSS x AGE Entered 0.38 150.1
5 AREA x AGE Entered 0.44 140.5
6 K x AGE Entered 0.46 140.4
7 PPT x AGE Entered 0.46 140.4
8 PATCH x AGE Entered 0.47 140.4
9 FI x AGE Entered 0.48 140.4

10 PPT x AGE Removed 0.48 140.3
11 FAT x AGE Entered 0.49 140.3

6
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Equation 6 can be tested according to the following criteria:

1. Does the model meet the appropriate boundary conditions? One bound-
ary condition is that when AGE = 0, the CRACK = 0, assuming good construction
practice. Also, as AGE increases, the slab cracking should increase. Both of
these conditions are met in Equation 6.

2. Are the coefficients reasonable? The sign of the coefficient, and
thus its directional effect on CRACK, can be compared to what is physically
reasonable. As AGE increases, the CRACK also increases at a rate that depends
on several independent variables. This is physically explainable, since AGE
represents such variables as accumulated aircraft passes and daily thermal
gradient cycles, which eventually lead to slab cracking. As TEMP increases,
CRACK increases, which indicates that slabcracking is greater in warmer cli-

mates than in colder climates. Assuming that thermal gradients are a signifi-
cant cause of slab cracking, it can be shown that slabs in warmer climates un-
dergo many more cycles of high thermal gradients than slabs in colder climates
(Reference 11). This occurs because the slabs in colder climates have very
small gradients during the winter months, since there is reduced sunshine (and
solar radiation).

As slab replacement (SR) increases, CRACK decreases. The most common
reason for SR is serious slab cracking. Thus, the result of SR would be a re-
duction in the amount of cracking. As SLAB (slab thickness) increases, CRACK
decreases, because SLAB has a great influence on load stress damage. An
increase in SLAB also reduces the thermal gradients through the slab, which
reduces cracking potential. As slab size increases (JSL x JSS), CRACK also
increases, a natural result of the greatly increased thermal curl and moisture
warping stress which occurs when slab size is increased. Slabs located in A
traffic areas tend to crack more than those in B or C areas, possibly because
there is greater channelization of traffic in A areas.

3. Is the equation plausible, i.e., how well does the equation represent
a realistic situation? The equation is plausible if all variables affecting
CRACK were included in their appropriate functional forms. Many factors
affect cracking, including traffic, climate, materials, construction, concrete
slab dimensions, foundation, and previous maintenance. These factors are dis-
cussed in the following subsections.

a. Traffic. It is significant that the variable FAT did not enter the
equation, since aircraft loadings probably have an important influence on
CRACK. FAT may not have entered the equation because it correlates highly
with other variables such as SLAB. Additional study is needed here because it
appears that Equation 6 is deficient without the FAT variable; the variables
included in the equation that relate to traffic are AREAl (channelization) and
AGE (accumulated aircraft passes).

I.
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b. Climate. TEMP is the only variable that directly considers climate.
AGE may be considered to provide an indication of the relative number of
cycles of thermal gradient reversals (i.e., day and night).

c. Materials. There are no variables that consider material properties.

d. Construction. There are no variables that consider construction
quality.

e. Concrete Slab Dimensions. SLAB and JSL x JSS adequately represent
the slab dimensions.

f. Foundation. There are no variables that consider foundation.

g. Previous Maintenance. SR is the only variable representing previous
maintenance.

As shown in the discussion above, Equation 6 has numerous deficiencies
for predicting slab cracking; however, those variables that entered the equa-
tion provide a reasonable prediction of cracking as is subsequently shown in
Figures 34 and 35. An expanded data base and much additional work are needed
before a totally acceptable equation is available.

4. Is the model usable? A small sensitivity analysis (Figures 34 and
35) illustrates the effect that the variables have on CRACK. The same pave-
ment feature used in the subsection dealing with the development of the PCI
prediction model is used. Figures 34 and 35 show the relative influence of
the annual average temperature, slab size, and slab thickness on the slab
cracking after 25 years, when all other variables are held constant. All of
the plots are linear, since the r,gression model developed was a linear model.
In reality, the results are probably curvilinear. These plots should be con-
sidered only as general approximations to actual relationships, although they
do illustrate overall effects.
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SECTION IV

ASPHALT PAVEMENT PCI AND DISTRESS PREDICT1N

The objective of the PCI and distress prediction models is to forecast
the condition of pavement for a variety of possible future M&R alternative ac-
tions and/or mission changes. The models are to be used by adiiinistrators and
engineers for different purposes, including decision-making regarding ,ission
of the airfield, determination of budget requirieents, and optimization of
maintenance funds.

This section describes three models for predicting PCI of 3sphalt pave-
ments, and one model for predicting alligator cracking, which is a major
structural distress. The three PCI lodels include pave;lents that have no:
received overlay since the original construction, pavements that have received
AC overlay, and a combination of both types. [lodel development was limtited .'

the amount and type of data available as well as by time constraints. Therz-
fore, the models should he considered tentative until further dita are eb-
tained and the models are tested1, improved, ind v,-rified.

PCI PREDICTION -- ORIGINAL CONSThUCTIONI MODEL (N( ) VERLAY )

The first step in model development was to identify all ',jor facctrs V,-
lieved to significantly influence pavement deterioration. This was icnivei
through a literature review, interviews with major coir...i ind base pave-:ent
engineers, and the previous experience of the project staff. The avail-
ability, cost, and time to obtain each variable for eaci airfield pavm:enz
feature was assessed, and it was concluded that several variables could not be
obtained within the limitations imposed by the available resources. Table ')
presents a list of variables used to develop the models. Some variables be-
lieved important, but not used, included tensile strain at the botto"i of the
AC surface layer, vertical stress on top of the suhgrade, and aircraft traffic
volume. Available data were reviewed for completeness and accuracy, ani fiv,,
data points were then eliminated. The usable data were taken fro; ?." p.veI"V1't
features (Appendix B).

The computerized SPSS (Reference 13) was used for all data analysis. \

correlation matrix (Table 20) which included the dependent variable (PCI) ,nd
the independent variables (such as age and thickness) was first obtained and
analyzed to identify significant correlations. Figures 36 through 30 present
several plots of variables having the highest correlation with the PCI. The
stepwise regression technique was then used to develop a PCI prediction ,oiel.
In developing the model, the independent variables were introduced to interact
with pavement age. This interaction had the advantage of insuring that at aje
zero, the PCI would equal the m1aXimILum- val ue. The maximum val ue was set at 110O
by forcing the regression through the origin. Selected correlation plots of
independent variables times age and the PCI are presented in Figures 39 and
40. Because of time constraints, interactions among other viriables and pos-
sible transformations of independent variables (i.e., x'- or Log x instead of
x) were not examined.
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TABLE 19. LIST OF INDEPENDENT VARIABLES OF ASPHALT PAVEMENT

AC (No overlay)

AGEOR (Ages of Pavement) -- Years
TAC THICK (Total AC Thickness) -- Inches
B THICK (Base Thickness) -- Inches
SB THICK (Subbase Thickness) -- Inches
3 C3R (Base CBR) -- Percent
Sh' C'3R (Subbase CBR) -- Percent
SI CHR (Subgrade CBR) -- Percent
ACWGT (Aircraft Weight) -- kips
AREA (Traffic Area, Type A=I, Type 3=2, Type C=3)
:/S (Primary=l, Secondary=2)
Feat (Feature, Apron=I, Taxiway=2, Runway=3)
Z')rE (Environ:i1entil Zone:

Wet, Freeze=1, Seasonally Wet, Freeze=2
Dry, Freeze=3, Wet, Freeze-Thaw=4,
Seasonally Wet, Freez:.-Thaw=5, (ry, Freeze-Thaw=6,
,et, No Freeze=7, Seasonally Wet, No Freeze=8,

:)ry, No Freeze--).
F, (Freezing Index, Degree Days ("elow 32 F)
PPT (Precipitdtion) -- Inches
AAT (Annual Av.rage Temperiture) -- F
AL)T. (Annual ),ily Tei perature Range) --

AAFR (Annual Iverage Tempprature Range) -- F
* (Loid -rpetition Factor for AC

Thickness/Interface Base)

"SG (Loiu Repetition Factor for Subyride)
T Equiv Thick (Total Equivalent Thickness of

P.ivement) -- Inches
Equip Thick LoaJ Repetition Factor for T)tal Equivalent

Thickness of Pavement)
TI (Tot.fl lligator Cricki oq) -- Perceant of Samplp Units
DT(H (.ATCHIIG) -- Percent of Sample Unit

A-C payvement - wi-t-h -AC- _ove.rlay

Viri~les for computing PCI prediction model were the same as the AC
pa, eC; tnt vari.bl ,es with no overlay plus four nore variables: AGEOL,
'\FCOL, AC')L Thick, and TAC Thick.

V ,0I-)L (,N9e after )verlay) -- Years
\2 C'IL (Aq between original Construction and ,Overlay) -- Years
*-C4l. Thick (\C Thickness for Overlay) -- Inches
TAC Thick (Total C Thickness) -- Inches

Aye (Aqg! after Orig'inil Construction or Overlay) -- Years
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Table 21 povides output obtained from the stepwise regression analysis,
and gives the R and standard deviation of residuals associated with each
step. The steps listed in Table 21 provide that each variable included is
significant to at least 0.05 level (using the F-test). The model obtained
in Step 3 is presented and discussed below:

PCI = 100 - AGEOR [1.562 - 0.5607 tAC + 0.0302 AAT] [Equation 7]
"AC

where: AGEOR time in years since the original construction.

UAC load repetition factor determined at the AC/base
interface; aAC is a function of AC thickness, base
CBR and the tire contact area and pressure of an
equivalent single wheel

tAC = thickness in inches of the AC surface layer

AAT = annual average temperature (OF).

Figure 41 compares the measured and predicted PCI using Equation 7.
The following evaluates the appropriateness of the coefficients of the
variables in the model.

Appropriateness of Variables

The main factors known to affect pavement deterioration include traffic,
pavement structure and material properties, climate and previous maintenance.

Traffic load intensity is represented in the model through aAC, which is
computed based on the dominant aircraft gear configuration, wheel oad, and
tire pressure. Traffic volume is considered indirectly through the age
variable.

Pavement structure and material properties are represented by the
variables cLAC and tAC. The surface thickness (tAC) is included in the model
as an independent variable and also as one of the data items needed to compute
UAC. Another material property needed to compute 0Ar is the base CDR. The
effect of subgrade quality (foundation support) is not represented in the
model. It is believed that pavement structure and material properties will be
better represented when more data are available. For future development, it
is also recommended that stresses and strains computed from pavement mech-
anistic models (such as the layer program) be included as independent
variables.

Climate is represented by the annual average temperature (AAT). Previous
maintenance is not represented in the model. The only maintenance-related
variable included in the development was percent patchinn by area; however,
its effect within the limited data was not significant enough to be included
in the model.

* See Section II for an explanation of the detailed procedure to compute

AC
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TABLE 21. COEFFICIENT FOR FLEXIBLE PAVEMENT, ORIGINAL
CONSTRUCTION PCI PREDICTION MODEL (NO OVERLAY)

Step No.

Variables 1 2 3

Constant 100 100 100

Age Since
Construction/ctAC -1.208 -1.705 -1.562

Age Since
Construction x t 0 0.2205 0.5607

Age Since
Construction x AAT 0 0 -0.0302

SR2.  0.475 0.479 0.777
**

SD 16.79 15.34 11.4

where: Age = Time in Years Since Original Construction

XAC = Load Repetition Factor or AC, Base Interface

tAC = Thickness of AC (Inches)

AAT = Annual Average Temperature (OF).

* R2 = Proportion of Total Variation About the Mean PCI of All Data
Explained by the Regression

** SD = Standard Deviation of the Residual (PCIactual - PCIpredicted.

[i.
acua predited)
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Coe.ici*ents of V4ab~es

Because of the intercorrelation of the variables, the coefficient of each
independent variable does not represent the exact influence that each variable
has on the PCI. For example, in Equation 7, the negative coefficient for age
since construction x l/otAC is explainable; both age and 1hAC are negatively
correlated with the PCI, so their interaction has a negative effect on the
PCI. The coefficient of the second variable (age x AC thickness) has a posi-
tive sign. This cannot be readily explained for two reasons: (1) the age is
negatively correlated with the PCI, and the AC thickness is positively cor-
related with the PCI, and (2) the AC thickness is one of the factors needed to
compute YAC, which has already appeared in the equation. When changing the AC
thickness in the model, the use - should look for an increase or decrease in
the PCI. If the result opposes the acceptable engineering insight, the model
should be further investigated for errors and possible lack of data.

Table 21 shows significant increase in R2 and the reduction in the stan-
dard deviation when the variable age x AAT has entered the equation (Step 3).
Figure 42 is a graph illustrating the interaction effect between age and tem-
perature on the PCI. For the data included in this analysis, the following
can be concl8 ded: (1) the rate of PSI decrease with age is much higher for
AAT below 60 F than for AAT above 60 F, ang (2) for a given rate of PCI
decrease with age (i.e., above or below 60 F), the higher the temperature, the
lower the PCI at any specific age. These conclusions are limited to the
available data and cannot be generalized before more data are obtained and the
interactions of other environmental variables (such as precipitation) with age
and temperature are examined.

Generally, the larger the data base, the more useful the regression
model; it is wise to restrict the use of the prediction regression model to
the region of the "X-space" from which the original data were obtained (Refer-
ence 12). In Equation 7, the original data and the space (range) associated
with each of them is:

Variable Mean Range (space)

AC thickness (inches) 3.9 2 to 7.5

Base CBR (percent) 71 24 to 100

Aircraft T-37, T-38, F-4, DC-9,
C-130, C-141, and B-52

AAT (OF) 59 31 to 75

Age since original 18 0.5 to 35
construction (years)A.
PCI 61 12 to 100

Use of the equation should be limited to the ranges shown above; further-
more, it is less hazardous to use the equation only in the region of the "X-
Space" that covers the interaction of ranges for all the variables. This is
particularly true if the variables are highly correlated. For example, by ex-
amining the correlation matrix (Table 20), the only significant correlation

A2
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between the independent variables is found between AC thickness and Base CBR.
Figure 43 is a plot of this correlation. As shown, the "X-Space" covering the
ranges of the two variables is smaller than the individual ranges. Therefore,
predicting the PCI where Base CBR is 25 and AC thickness is 2 inches is rather
dangerous, since this point lies outside the space from which data were col-
lected. Of course, when more variables that are highly correlated are involved
in the prediction model, identifying the rather safe "X-Space" becomes more
difficult. This problem can be minimized by increasing the volume of data and
by covering as large a space of the variable interactions as is practically
feasible during the model development. In addition, the engineer should limit
use of the model to the conditions from which the data were collected, rather
than using it for hypothetical conditions.

The recommendations provided above apply in concept to all models dis-
cussed in the remainder of this section.

PCI PREDICTION -- AC OVERLAY MODEL

The method for developing the PCI prediction model for AC overlay is the
same as described for the original construction (nonoverlay) model. The inde-
pendent variables used in the stepwise regression program are listed in Part B
of Table 19. The usable data were taken from 11 pavement features
(Appendix B). Table 22 shows the correlation matrix, including the PCI and
independent variables. Figures 44 and 45 are plots of variables having the
highest correlation with the PCI. When the model was developed, the indepen-
dent variables were introduced to interact with age since the last overlay.
This interaction insures that immediately after the overlay, the PCI would be
100. Figure 46 is an example correlation plot of an independent variable in-
teracted with age since last overlay and the PCI.

Table 22 shows the output obtained from the stepwise regression analysis.
The steps listed in Table 23 provide that each variable included is signifi-
cant to at least the 0.05 level (using the F-test). The model obtained in
Step 2 is discussed below:

3.775
PCI = 100 - AGEOL [-775 + 0.00598 ACWGT]

aSG [Equation 8]

where: AGEOL : age in years since last overlay

aSG : load repetition factor determined at the
subgrade level;* aSG is a function of
total pavement thickness above the subgrade,
subgrade CBR, and the tire contact area and
tire pressure of an equivalent single-wheel

ACWGT = maximum gross aircraft weight (kips).

• Section II provides the detailed procedure for computing SG"
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TABLE 23. COEFFICIENTS FOR FLEXIBLE PAVEMENT, 
ASPHALT CONCRETE

OVERLAY PCI PREDICTION MODELS

Step No.

Variabl es 
_

Constant 
100 100

Aqe Since Last Overlay/rSG 
-4.56 -3.775

Age Since Last Overlay x ACWGT 
9 -0.00598

R2  
0.7 0.89

SD 
11.2 7.1

9
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Figure 47 compares the measured and the predicted PCI using Equation 8.
Following is an evaluation of the model.

Appropriateness of Variables

Traffic load intensity is well represented in the model by (SG and ACWGT.
Accumulated traffic loading is indirectly considered through the age factor.

Pavement structure is represented only through the total pavement thick-
ness above the subgrade and the subgrade CBR, since both of these factors are
used to compute aSG. Material properties of the different layers above the
subgrade, climate, and previous localized maintenance are not represented in
the model. However, since there are only 11 data points, not many variables
could have been included without loss of significance of the model.

Coefficients of Variables

The model's variable coefficient signs are easily explained. As the sub-
grade CBR and/or pavemen: thickness increase, the aSG increases, which causes
the PCI to be higher. Tne sign for ACWGT indicates that as the aircraft
weight increases, the PCI decreases.

No firm conclusions can be based on the 11 data points. However, consid-
ering that the data came from seven different airfields and that R2 of 0.7 was
achieved in Step 1, the decrease in PCI with age of KC overlays seems to be
quite predictable. The range of values used to develop Equation 8 is pre-
sented below:

Variable Mean Range

Age since last overlay (years) 9.4 4-23

Subgrade CBR (percent) 20.3 5-50

Pavement thickness above
subgrade (inches) 23.1 14-57

Aircraft F-4, DC-9, C-130,
B-707, and B-52

The use of Equation 8 should be limited to the ranges listed above, and
preferably only to the "X-Space" that covers the interaction between the
ranges as previously discussed for Equation 7.

PCI PREDICTION -- COMBINED MODEL

I.o The development of this model was based on 37 data points: 26 were from
AC pavements that had not received any AC overlays, and 11 were from AC pave-
ments that had received AC overlays. The independent variables used in the
stepwise regression were a combination of those used in each of the cases

- -shown in Table 19. Table 24 shows the correlation matrix, which includes the
PCI and independent variables. Figures 43 and 49 are plots of variables

191
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having the highest correlation with the PCI. In developing the models, all
variables were interacted with age since construction or last overlay (if
pavement is overlaid) to insure that at age equal to zero, the PCI is equal
to 100.

Figures 50, 51, and 52 are correlation plots of variables interacted with
age and the PCI.

Table 25 presents the output obtained from the stepwise reqression anal-
ysis. The steps listed in the table provide that each variable included is
significant to at least the 0.05 level (using the F-test). The model obtained
in Step 4 is presented in Equation 9.

PCI =100 - AGE [I.487 + 0.143 x AGECOL + 6.56

1SG TAC [Eauation 9]
- 1.23 sC

where: AGE = age since original construction or since last overlay if the
pavement has been overlaid

.cSG = load repetition factor determined at the subgrade level;
OSg is a function of total pavement thickness above the
subgrade, subgrade CBR, and the tire contact area and
tire pressure of an eauivalent single wheel

AGECOL = age between the time the pavement was constructed and the
time it received the last overlay; equals zero if the
pavement was not overlaid

TAC = total AC thickness in inches including overlay, if any

LAC = load repetition factor determined at the AC base.

Figure 53 compares the measured and predicted PCI using the above
model. Following is an evaluation of the model.

Appropriateness of Variables

In this model, traffic load intensity is represented by aSG and aAc, and
traffic volume is represented by the age factor. Pavement structure and mate-
rial properties are represented by OLSG, aAC, and TAC. In this model, the sub-
grade and base CBP are included through USG and OLAC, respectively. In the
previous models, only one was included at a time (see Equations 7 and 8).
Climate and previous maintenance are not represented.

Coefficients of Variables
I.

The signs of all the coefficients aoree with engineerin experience (see
the following).
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TABLE 25. COEFFICIENTS FOR FLEXIBLE PAVEMENT, COMBINED PCI PREDICTION MODEL

Step No.

Variables 1 2 3 4

Constant 100 100 100 100

Age/us6 -2.7P4 -2.511 -1.688 1.487

Age x Age Before Overlay 0 -0.120 -0.129 -0.143

Age/Total AC Thickness 0 0 -2.889 -6.560

. Age x c&AC 0 0 0 +1.23

R2  0.18 0.44 0.52 0.62

SD 20.14 16.84 15.89 14.4

.
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The range of values for the variables included in the model are as
follows:

Variable Mean Range

Age since original construction 15.5 0.5-35
or last overlay (years)

Age overlay (years) 18.3 0 for original con-
struction; 12-25 for
overlaid pavements

Subgrade CBR (percent) 21 4-80

Base CBR (percent) 67 24-100

Pavement thickness
above subgrade (inches) 22.9 10-57

AC thickness
(including overlay) (inches) 4.8 2.0-12

Aircraft T-37, T-38, F-4,
DC-9, C-130, C-141,
B-707, and B-52

Use of this model should be limited to the ranges listed above, and pref-
erably only to the "X-Space" covering the interaction between the ranges as
previously discussed for Equation 7.

PCI Sensitivity to VariabZes in the Prediction ModeZ

The combined model (Equation 9) is selected for performing the
sensitivity analysis because (1) its development was based on more data than
used for each of the separate models, so it should be more reliable; (2) the
independent variables include the effects of both the base and subgrade sup-
port, while the separate models only include the effects of one of these; and
(3) the effect of number of years between original construction and overlay is
included only in the combined model.

The PCI sensitivity to changes in variables was analyzed as follows:

1. Three representative levels (low, medium, and high) were selected for
each variable. The following levels were selected within the ranges of the
variables used in the model development:

Subgrade CBR (percent) 10,20,30
Base CBR (percent) 40,70,100
AC thickness (inches) 1,4,6
Total pavement

thickness above subgrade (inches) 10,20,30
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2. The PCI after 20 years from original construction (assuming no over-
lay) was determined by changing each variable, while keeping the remaining
variables at the their average values. This was repeated for each of three
types of aircraft: F-4, C-130, and C-141 (Figures 54 through 57).

3. The effect of time between original construction and overlay was dem-
onstrated, as shown in Figure 53. The PCI after 10 years from overlay was de-
termined for 0, 12.5, and 25 years. Zero means that the entire AC surface was
constructed at the time of original construction, i.e., no overlay.

To use the model, I"A and cx had to be calculated for several com-
binations of variables. The cdl ulations were done as outlined in Section II,
and the results are as given in Table 26. The following discusses the effect
of each variable.

Subgrade CBR (Figure 54). The rate of increase of the PCI decreases as
the value of the subgrade CBR increases. In addition, the effect of subgrade
CBR is slightly more significant for a C-141 aircraft than for an F-4.

Base CBR (Figure 55 . As the base CBR increases, the PCI increases. The
increase in PCI for the C-130 aircraft is dramatic. This may be explained by
the low tire pressure of the C-130 in comparison to that of the F-4 or C-141.

AC Surface Thickness (Figure 56). AC thickness significantly affects PCI
for all aircrafts considered. For example, at one airfield, two 23-year-old
pavement sections had PCIs of 50 and 80. The only difference between the two
sections was that the AC surface thicknesses were 5 and 7.5 inches, re-
spectively.

Pavement Thickness (Figure 57). The rate of PCI increase decreases as

the pavement thickness above the subgrade increases. AC thickness is kept
constant when the pavement thickness is changed. Therefore, the increase in
pavement thickness is attributed to the increase in the base and subbase
thickness combined.

Time Between Original Construction and Overlay (Figures 58 and 59).
Figure 58 indicates that the longer the time between original construction and
overlay, the lower the PCI at any specifi,- time after the overlay, i.e., the
longer the time before an overlay is placed, the faster the rate of deterio-
ration after its placement. This can be attributed to the fact that the exis-
ting pavement condition at the time of overlay generally becomes poorer as
this time is increased.

The difference in rate of deterioration between pavements that were orig-
inally constructed and those that were overlaid is further illustrated in
Figure 59. This figure compares two pavements originally constructed with
5-inch and 3-inch AC, respectively. The pavement with 3-inch AC reached a
minimum acceptable PCI of 40 in 15 years and thus required rehabilitation.
The consequence of three alternatives is demonstrated. In this example, over-

- laying the pavement with 2-inch AC or reconstructing the 3-inch surface would
provide the same performance. The third alternative of reconstructing the
pavement with 5-inch AC would provide a much better performance. This example
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illustrates the usefulness of the model and the information it provides for
making economic analyses and rational management decisions.

MODEL FOR PREDICTION OF ALLIGATOR CRACKING IN ASPHALT PAVEMENT

Tables B-3 and B-4 of Appendix B present the data used to develop this
model. The development procedure is the same as described for the PCI models.

Percent Alligator Cracking = Age [ 1.67 - 0.16 tACOR] [Equation 10]
'SGET

where: Age age of pavement since original construction or last
overlay (if pavement is overlaid)

'SGET load repetition factor (see Section II) computed at the
subgrade level based on total equivalent thickness;
the equivalency factors for different materials and
layers are presented in Table 20

tACOR thickness of the AC original surface in inches; there-
fore, if the pavement has been overlaid, the AC thickness
of the overlay should not be included in tACOR ; the over-
lay thickness, however, should be included in the compu-
tation of SGET"

Following are the means and ranges of variables included in the model

development.

Mean Range

Age since original construction
or last overlay (years) 15.5 5-35

Subgrade CBR (percent) 21 4-80

Subbase thickness (inches) 9.0 0-42

Base thickness (inches) 9.0 4-27

AC thickness (including overlay) 4.8 2.0-12

AC thickness (original construction) 3.9 2.7-5

The R2 obtained for the model is 0.68 and the standard deviation of the
prediction error is 6.6. Additional independent variables such as stresses

|, and strains obtained from mechanistic pavement models and different variable
transformations and interactions should be investigated before the model is
completed.

1' III1
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The sensitivity of percent alligator cracking to changes in variables in
the model is illustrated in Figures 60 and 61 for an F-4 aircraft. The
sensitivity analysis was performed by selecting three representative levels
(low, medium, and high) of each variable. Using the model, the percent crack-
ing at 10 years was computed by changing each variable and keeping the rest of
the variables at their dverage values. This was repeated for AC thicknesses
of 2, 4, and 6 inches:

Subgrade CBR (percent) 10,20,30

Base thickness (inches) 4,8,12

Base material equivalency factor* 1.0,1.25,1.5

The analysis was performed assuming a subbase thickness of 6 inches. To use
the model, SGET had to be calculated for the many of combinations of vari-
ables. The calculations were performed as outlined in Section II, and the
results are summarized in Table 27.

The following subsections briefly discuss the effect of changes in
variables on percent alligator cracking.

Subgrade CBR (Figure 60)

As the subgrade strength increases, the percent cracking decreases with
the effect leveling off at higher CBR values.

Base Thickness and Equivalency Factors (Figures 61 and 62)

Increasing the base thickness or equivalency factor* (by using stronger
material) decreases cracking. The decrease levels off at a higher base thick-
ness or equivalency factor.

AC Thickness (Figures 60 through 62)

AC thickness significantly affects percent alligator cracking. In Figure
60, the increase in AC thickness from 2 to 4 inches has a much more signifi-
cant effect than the increase from 4 to 6 inches.

Pavement Overlay (Figure 83)

Figure 63 illustrates the effect of pavement overlay. The figure indi-
cates that for a given total AC thickness, the higher the AC thickness during
original construction, the less the alligator cracking will be at a given time
after the overlay.

I.__ _ _ _ _ _ _ _ _

* See Section II:

Material Equivalency Factor

Granular material 1.0
Cement-stabilized, fine-qrained soil 1.25
Asphalt-stabilized sand-gravel or clay-gravel 1.5

11?
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TABLE 27. LOAD REPETITION FACTOR AT SUBGRADE LEVEL BASED ON TOTAL EQUIVALENT
THICKNESS (cSGET) FOR COMBINATION OF VARIABLES USED IN CRACKING
SENSITIVITY ANALYSIS

Total
Base Base AC Pavement 0SGET for Subgrade CBR =

Thickness Equiv Thickness Equiv
(Inches) Factor (Inches) Thickness 10 20 30

2 13.4 0.765 1.115 1.389
1.0 4 16.8 0.960 1.398 1.742

6 20.2 1.154 1.681 2.094
2 14.4 0.822 1.199 1.493

4 1.25 4 17.8 1.017 1.482 1.846
6 21.2 1.211 1.765 2.198
2 15.4 0.880 1.282 1.597

1.5 4 18.8 1.074 1.565 1.949
6 22.2 1.268 1.848 2.302
2 17.4 0.994 1.448 1.804

1.0 4 20.8 1.188 1.731 2.157
6 24.2 1.382 2.014 2.509

* 2 19.4 1.108 1.615 2.011
8 1.25 4 22.8 1.302 1.898 2.364

6 26.2 1.496 2.181 2.717
2 21.4 1.199 1.781 2.219

1.5 4 24.8 1.416 2.064 2.571
6 28.2 1.611 2.347 2.924
2 21.4 1.199 1.781 2.219

1.0 4 24.8 1.416 2.064 2.571
6 28.2 1.611 2.347 2.924
2 24.4 1.394 2.031 2.530

12 1.25 4 27.8 1.588 2.314 2.882
6 31.2 1.782 2.597 3.235
2 27.4 1.565 2.281 2.841

1.5 4 30.8 1.759 2.564 3.193
6 34.2 1.953 2.847 3.546

Note: Equivalent Factor for AC = 1.7; for F-4, Tire Contact Area
= 100 Square Inches and Tire Pressure 263 psi; Subbase
= 6 Inches.

*11.
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SECTION V

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR PART I

SUMMARY OF MODELS

1. The model for predicting PCI for jointed concrete pavements (Equation
5) included the following variables:

a. Age since original construction or overlay

b. Ratio of interior slab -tress to modulus of rupture

c. Slab replacement (percent of total slabs)

d. Slab size (longest joint spacing x shortest joint spacing)

e. Asphalt overlay (yes or no)

f. Average annual temperature

g. Freezing index (degree days below 32 F)

h. Patching (percent of total slabs containing patches of more than 5
square feet or percentage of area patched if pavement is overlaid with AC).

Figures 30 through 33 illustrate the effect of changes in the variables on the
PCI. As shown in Figure 30, slab thickness has a dramatic effect on the PCI.

2. The model for cracking in jointed concrete pavements (Equation 6) in-

cluded the following variables:

a. Age since original construction of slab

b. Annual average temperature (OF)

c. Slab replacement (percentage of total slabs)

d. Slab size (largest joint spacing x shortest joint spacing)

e. Traffic area.

Figures 34 and 35 illustrate the effect of changes in the variables on slab
cracking. Cracking, as defined in the model, included corner breaks, longi-
tudinal and transverse cracking, and shattered slabs.

3. The model for predicting PCI for asphalt pavements (Equation 9) in-
cluded the following variables:
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a. Age since original construction or overlay

b. Age between original construction and overlay (if the pavement is
overlaid)

c. Subgrade CBR

d. Base CBR

e. AC surface thickness

f. Total pavement thickness above the subgrade

g. Aircraft type (weight, gear configuration, and tire pressure).

Figures 54 through 58 illustrate PCI sensitivity to changes in the variables.
Changes in the AC surface thickness significantly affect the PCI, especially
at low AC thickness values. Assuming the same pavement structure, AC overlays
have a much higher rate of deterioration (PCI decrease with time) in com-
parison to the pavements originally constructed. In addition, the longer the
time span is between the original construction and the overlay, the greater
the rate of deterioration will be.

4. The model for predicting percentage of alligator cracking (Equation
10) included the following variables:

a. Age since original construction or overlay

b. Subgrade CBR

c. Thickness of each layer above the subgrade

d. Material equivalency factor as determined from Table 12

e. Thickness of the originally constructed AC surface

f. Aircraft type (weight, gear configuration, and tire pressure).

Figures 60 to 63 show the effects of changes in the variables on the predicted
percentage of alligator cracking.

CONCLUSIONS

Using the developed consequence models, PCI and key distress types can be
predicted by means of specific pavement variables such as structural design,
aircraft load, material properties, subgr~de properties, and climate parame-
ters. However, the developed models should only be considered as tentative,
because additional data from many more airfield pavements are needed to de-
velop comprehensive and reliable models usefil for selecting M&R alternatives.
This data collection is being planned for FY79 and FY80.

S119

., 1



RECOMMENDAT IONS

The consequence models discussed in this report should not be implemented
until they are field-tested, improved, and verified. Specific recommendations
for model improvements are:

1. Additional field data should be collected for the purpose of testing
and improving the PCI and distress prediction models for both asphalt and
jointed concrete pavements. The frequency of distribution of available data
(Section II) should be used as background for designing additional data col-
lection. For example, it is evident that for concrete pavements, more data
need to be collected from pavements subjected to medium- and heavy-load air-
craft (e.g., C-130, C-141, and B-52).

2. Stresses and strains obtained from pavement analysis through mech-
anistic models (such as the layer and finite element programs) should be in-
iestigated for use as independent variables for predicting PCI and distress
over time.

3. The models presented for PCI and distress predictions are all linear
with age. Nonlinear effects of age should be investigated for future models.

4. A consequence system such as that shown in Figure 65* should be de-
velope1 to help the model users select cost-effective M&R strategies that are
oased on consequences and management policies.

I.I
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PART I I

INFORMATION REQUIREMENTS
FOR PAVEMENT MANAGEMENT
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SECTION V

INFORMATION REQUIREMENTS FOR PAVEMENT MANAGEMENT

This section defines the information needed by Air Force command and base
engineers to rationally manage airfield pavement M&R. This information was
gathered using a three-step approach:

1. Research experience was used to develop a similar pavement infor-
mation system (PAVER) for managing roads, streets, and parking lots (Reference
14). Based on this experience, it was decided that the potential users should
be interviewed to determine their report and computation (information) re-
quirements and the frequency of their use. Specific data items and data
structure could then be identified for developing the pavement information
system.

2. A pavement maintenance management workshop at CERL in September 1978
was attended by several command and base engineers and by representatives from
the Air Force Design Center and the Directorate of Management Systems. These
participants identified several report and computation requirements at both
the command and base levels and discussed Air Force regulations and lim-
itations regarding the development of a computerized information system.

3. Specific data items needed for each report were defined and recommen-
lations were developed for data organization, software, and hardware require-
Ients.

This section describes the recommended information and data requirements
obtained as the result of this research.

REPORT AND INFORMATION REQUIREMENTS

The following subsections describe various data requirements. Each re-
quirement heading is followed by a set of two numbers. The numbers correspond
to the expected average frequency of occurrence per year per command and per
base, respectively. For example, project validation is required approximately
24-imes per year at the command level but only annually at the base level.

Major command engineers are required to validate M&R projects submitted
by base engineers in terms of need, scope, and method of repair. A rational
procedure for performing a validation was developed, using the input of
several command engineers (Reference 15). Figure 64 is the evaluation summary
sheet on which the validation was based. All the information shown in the
fiqure should be available to conand and base engineers who will perform the
validation.
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Faci I ity: Feature:

1. Overall Condition Rating - PCI
Excellent, Very Good, Good, Fair, Poor, Very Poor, Failed.

2. Variation of Condition Within Feature - PCI

a. Localized Random Variation Yes, No

b. Systematic Variation _T_, T

3. Rate of Deterioration of Condition - PCI

a. Long-term period (since
construction) Low, Normal, High

b. Short-term period (I year) Low, "N-or-mal, M

4. Distress Evaluation

a. Cause

Load Associated Distress percent deduct values
Climate/Durability Associated _ percent deduct values
Other ( ) Associated Distress percent deduct vl]Utcs

b. Moisture (Drainage) Effect Minor, Moderate, 1ajor
on Distress

5. Load Carrying Capacity Deficiency No, Yes

6. Surface Roughness Minor, Moderate, Major

7. Skid Resistance/Hydroplaning
(runways only) No hydroplaning problbilns

are expected
Transitional
Potential for hydroplaning
Very high probability

b. Stopping Distance Ratio No hydroplaning anticipated
Potential not well defined
Potential for hydroplaninq
Very high hydroplaning
potential.

c. Transverse Slope Poor, Fair, Good, Excellent

8. Previous Maintenance Low, Normal, High

9. Effect on Mission (Comments):

Figure 64. Airfield Pavement Condition Evaluation Su;imary.
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I eternination of Consequence of Various MSR
Alternatives and Chances in Iission(P)

A system was needed that could be used to determine the consequence of
(1) selecting specific M&R strategies, and (2) changes in mission. "Con-
sequence" is defined as PCI, major distress types, M&R needs and costs, and
repair time over a future time period. Figure 65 shows the overall flow chart
for the consequence system, including needed inputs. As shown, the inputs to
the overall consequence system include results of computations from other sub-
systems: economic analysis, PCI determination, PCI and distress prediction,
and load-carrying capacity. Each subsystem is also a stand-alone model that
provides answers to other requirements, which are briefly described below.

Economic Analysis (2/4). A present-worth economic analysis to compare
various M&R strategies is based on initial cost, annual M&R cost, and salvage
value (Reference 15).

PCI Determination (0/3). A computer program for calculating PCI has been
developed and implemented by the Air Force worldwide (Reference 5). The pro-
grain, which is based on distress data gathered from pavement condition sur-
veys, is a tool for expedient determination of the PCI. The PCI for individ-
ual pavement features is needed to determine pavement condition rating and as
input for many other report and computation requirements.

PCI and Distress Prediction (3/3). Models are currently being developed
(Sections I, Il, and IV) for predicting PCI and major distress types over
time as a function of traffic, climate, pavement structure, material proper-
ties, and applied M&R. The output from these prediction models will provide
much needed information for project programming documents.

Load-Carrying Capacity (12/3), A computer program, based on pavement
structure and materials properties (Reference 13) already exists for deter-
mining allowable aircraft loads. This information is useful for recommending
use of the airfield by aircraft different from those used in current airfield
mission, project validation, design of repair alternative, etc.

Project Estimating (30/3)

The estimated cost of various M&R projects, based on unit costs in local
areas, must be developed. This information is especially useful for preparing
and reviewing project programming documents.

Annual and 5-Yaea Work PZans (2/s)

Current (annual) and future (5-year) project requirements must be devel-
oped, reviewed, and updated.

Fvaluation Renor'ts (1/1)

Pavement evaluation reports for individual bases must be developed and
updated.
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Visztation of Bases by Comnand Engineers (12/0)

Command engineers usually visit their bases to review pavement condition
and project requirements. They indicated that it would be beneficial to have
the following information prior to the visits:

a. Past condition records

b. Changes in conditions

c. Information to assist them in briefing base/wing commanders.

Pr'oject Priorities (2/1)

Command engineers require information to determine command project prior-
ities among all bases, while base engineers are usually concerned with project
priorities at their own bases.

Ow?. >mition of Lirmited Budaet Spendino (41/0)

Command engineers have expressed the need for optimizing limited funds,
9 . since the available pavement M&R budget is usually less than the required

amount.

The report needs for the eight requirements presented above are classi-
fied in Table 28 in terms of their status during FY78. The reports are clas-
sified into three categories: PRODUCTION (already implemented by the Air
Force); PILOT (proposed for pilot testing during FY79 and 80); and LONG RANGE
(proposed for testing and implementation after FY80).

DATA REQUIREMENTS

Table 29 provides a tentative list of data elements needed to generate
the information requirements. The data elements are classified into data
groups, i.e., Facility Identification, Feature Identification, Condition His-
tory, etc. The last column of the table shows the expected frequency of use
for each data element per year for the command and the base, respectively.
The frequency is based on the expected generation frequency of each report.
Since each data element may be used to generate more than one report, data
structure is very important in minimizing the cost of report generation.
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TABLE 28. BREAKDOWN OF STATUS OF AVAILABILITY OF DIFFERENT
REPORTS AS PRODUCTION, PILOT, AND LONG RANGE

Production Pilot Long Range
Report Requirement (Before 1979) (1979-1980) (After 1980)

1. Project Validation

2. Consequence System *

Economic Analysis
PCI Determination
PCI and Distress Prediction
Load Carrying Capacity

3. Project Estimating

4. Annual and 5-Year Work Plans

5. Evaluation Reports

6. Visitation of Bases by Command
Engineers

7. Project Priorities

8. Optimization of Limited Budget
Spending
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SECTION VII

IMPLEMENTATION ALTERNATIVES FOR COMPUTER-AIDED
PAVEMENT MANAGEMENT ASSUMPTIONS

The contents of this section are based on data gathered during a 1-day
meeting with Air Force engineers and personnel at Tyndall Air Force Base, a
2-day workshop at CERL, and numerous discussions among the project staff.
Because operating cost data for existing Air Force standard computer systems
and software development cost data for the Air Force System Development Center
are not available at this time, the cost analysis only includes commercial
systems. Several assumptions were made during this study:

1. It is desirable and essential to develop a pavement maintenance in-
formation system. Although the use of such a system may not reduce personnel
requirements, it will greatly assist the civil engineer in the decision-making
process and hence increase cost avoidance and productivity.

2. It is very desirable to use standard Air Force computer systems when
possible. Any system development effort that exceeds $50,000 in hardware pur-
chase or 10 man-years in software development requires submittal of detailed
justifications and perhaps a long delay before project approval.

3. The Air Force System Design Center is responsible for all development,
and maintenance of standard Air Force computer systems. Thus, this section
will emphasize the specifications and requirements of the Pavement Maintenance
Information System (PMIS), rather than implementation-related issues.

REPORT AND DATA REQUIREMENTS

The data requirements for determining M&R consequenc2 dnd pavement man-
agement are related to the development of PMIS in the following ways:

1. The civil engineers at the Air Force Headquarters, major commands,
and bases are potential users of the proposed PMIS. However, most of the data
on Air Force airfield pavements are located at the bases.

2. Manual methods are currently used for report preparation and pavement
condition analysis to determine M&R needs.

3. The frequency of information requests and the volume of items per
report are low (hundreds of reports are required per year, and there are nu-
merous items in most reports). Thus, although the batch process may not be
desirable for long-term operations, it is sufficient at present. However,
using an interactive system would greatly enhance the effectiveness of the

|° economic analysis and/or pavement condition forecasting models.

4. As with other new computer applications, the types of reports and the
items in the reports are not yet well defined.
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i. Th't tIajor benefit of such a system is based on the development of
Lri~i aalysis 3nd pprforinance prediction models (consequence system) for

Itir Force iirfieldJ pave;nent. These functions are only possible when enough
long-term structural, cor.1ition, andI performiance data are collected and
sto)r -1.

I' )i ius , r epor t requ i remen ts a nd f ormnat a re not s pec if ic all1y de f ined ,
~I ~cdsr~tilt"'lpn of the consequence system has not been completed,
li.tI ite ms ."!ra iientified by CERL dfter consulting with civil engineers

frvi '.'io 1jr Force Civil Engineering Center, major cormmands, and bases. The
IrAve~inrl-j~i _I in thiis report will r-:quire further scrutiny while PMIS is

1. Eich of t)(, three levels of system users requires access to certain
I 9- ';s :. nint!rs wust have access to data generated froin their bases,

:rr1.1j*~n~ iers ust have access to data generatedM froin all bases
ii i -i i-id ind thp Air Force Headquarters engjineers m;ust have access

V, di- P!!J I.6L r TS

'~. . )~I )t i il r'nqui remfnts include the mode of operations, turnaround
i i- fl rtepor. (qcnrtiun, stord-je size, file and data base management facil-

~.i'Il 1u 'ys i oro n i zat i on. The! subsequent discussions of each require-
r, or")my n o-mr',0v %;chnicil factors, riot on the Air Force computer

'ii ii''CtI ~'m-ic( .~ ,di r,,!c us- r inp;ut and computer response via
'1)i~.~~. ui'dfor the! ;!c.noiaic analysis and pavement condition

ol% (consequence system). In co~iputer-based modeling and simu-
I1q~, j j- r often inputs ai set of vilue-s, viiits for the results, and then

if Is ", .-]! input to obtain a b.etter set of re.sults-.. This process is re-
itiunfil at sat isfictory set of results is ob)ttiiried. Tha hatch process* is

I - 11 nOlnr those ci rcu.stanc:es because it is very time-consuming.

-lit31i t'we-mxc.ption of thel econiomic analysis and/or pavement condition
'r~ 'r~t in~ iod is, tlin turnaround time for 'most of the reports is a 'fatter of

in';, (or rov-rnijhI.. The hatch process is therefore dicceptable.

Tel dti r'f'lirements of the PMTS have tnt been couipl ?ted, so extra stor-
I. i icrIf:P t 0. r-;(-rvq d in inticipation of future -xpadnsions. However,

oit ro-l 1!d ' 1coi)ri ,s i-in and '-sli' t orage req i rermmnts for each base
*hr'.i I riot,. !xciepl i f~nq 'if)wIi 10 ytos iwer year. fl well -developed dat a base

I,.-) f !e. i iy ( suc) -Is ''st :lu ?P2000) should be used durngn the pilot

~~icr.*'~~r~ri n'!'I i),i' - ' ci id ci 1 urn for 'oxecut ion
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testing period and is preferable when the system is fully implemented. Such
system usually increases the flexibility for changing data fori.3t anJ h ....
reduces software development costs.

Data Bases and .ata Base Onqaninations

Because there are three levels of Air Force organiz.tional structure
(Headquarters, major commands, and bases), access right must be reoulited 'Ind
the physical location of data bases must be selected. A central dti bank .nd
a single computer for dll Air Force pavement maintenance data storg'p and pro-
cessing would be one way to organize th2 data base. The opposite type of or-
ganization would he a distributed data base system, where each base has i
portion of the data on its own machine and permits the major command 'In! .ir
Force Headquarters to havw! online access to these data. A co:irowise w,)Ul,
placing a centralized data base for all bases within each major cn:.E.va-. .
this method, the Air Force Headquarters could access the iistribut!,'! a1,ta t-)r
their report generation, while the base engineers could "dial iW" to their
spective major cormnand machines to access their data. The; technicil and 'r-
ational advantages and disadvantages of each model are discussed in tl,' fol-
lowing subsections.

The Centralized Data Base. The major advantage of a centralize! d,-,t
base is the simplicity of data access for all users. A modern Iati ',.,n -
agement System (DBMS) usually has security features for multiple acc?ss rihts
to facilitate access by Headquarters, coiinnds, and bases. An a.Jv.1t,1qe Isso-
ciated with the simple data bank structure is the low software development. I'i
system operation costs. In addition, a centralized facility usualli ;,rovidcs
better staff support and greater data uniformity throuqhout all bases and c:'-
mands.

A major disadvantage of a centralized data base is the necessity fr
telecommunication between terminals located at the bases an,! co:nmin.Is and the
central data bank (assuming that interactive computing is a requirr;m;ent). An-
other disadvantage is the lack of a large enough computer, sufficient tr :r
space, and a good DBMS. It is not known whether the current Air Force 1l-
quarters computer will provide this level of support. However, use of .1 ''ili-
computer for PMIS will eliminate this problem.

A Totally Distrijuted Data Base. A totally distributed data base or-
ganization permits each base to maintain its own data and to use its existini
standard Air Force computer. However, tho disadvanta'Jes of such .in or-
ganization are numerous. The cost associated with system development is .:ic'
greater than that of the centralized data base method, hecause of the aJdi-
tional complexity in the multiple levels of data base :manaqerment. lost of
this cost increase will occur at the command and Headquarters levels. In id-
dition, the cost associated with the system operations of a distributed dlti
base is greater, because (1) there musL be a procedure to enforce data uni-
fonnity throughout all bases, and (2) computer supports are necessary at ill
levels (these supports include a data manaqement system, competent syst,,.i ana-
lysts and operators, and availability of machine time and space).
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Therefore, the totally distributed data base organization is not recom-
mended for the PMIS data base; however, it may be used for stand-alone com-
putational programs such as the PCI program, which is currently operational at
the base level.

Command-Level Data Base. A centralized data base at each major command
provides the coiiuand engineers with access to a single data base, using a ma-
chine that is available locally. A command's base engineers will access the
data base via remote terminals. The advantages of such an arrangement are:
(1) the development of PMIS for major comnands based on a centralized command-
level data base is much simpler than that of the total distributed data base
method; (2) it will be more convenient to pilot test the PMIS which covers
many aifferent bases within one command; and (3) the standard Air Force com-
:,ddnd computer is larger, and therefore better equipped with data base manage-
ment facilities than a base computer.

The disadvantages of such an arranqement are: (1) the need to provide
remote access for base engineers under each major command; and (2) the possi-
ble need to merge data bases from every command of Air Force Headquarters.

For economic reasons, certain data should be stored at the base level
rather than at the commnand level. More specifically, data related to sample
units which are used only for computing PCI should be stored in the base ma-
chine. Thus, PCI will be computed by the base computer (as is currently done)
before it is submitted to the centralized cormnand data base.

Recoimindation for Data Base Organization. The centralized data base at
the conand level is clearly the best data base organization, because of the
f.icts discussed above and because it may also use existing Air Force standard
computer systems. Furthermore, the PMIS needs are better defined for command
and base engineers than for Air Force Headquarters engineers. Therefore, it
is logical to design a PMIS addressing the needs of the coirvand and base
levels now and to extend the supports to Headquarters later.

[)a ta Pao- Mzafl(men t

This discussion of data base management requires the reader to understand

the eanings of the three terms briefly defined below:

Data base: a collection of records

Record: a collection of data items; for example, data related to
condition of a pavement feature

Data item: the smallest element by which data can be retrieved; for ex-
ample, PCI.

Data base management includes organizing the data (data structure) and
dccessing the data in the data base.

Uata Organization. There are several data structures, including
sequPntial , index sequential , tree, and graph. In the sequpential organization
(Fijure 06), data items are stored in a fixed format and fixed slot, and the
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Figure 66. Sequential File.
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records are stored subsequentially. Thus, to search for a record containing a
certain value of a certain data item, such as PCI, each record is accessed
sequentially. The searc:i process is very slow in the sequential organization.
The index sequential method (Figure 67) is like the sequential method, except
that it contains an index which lists all the records which contain a specific
data item, and contains the record ID. All entries in this file are arranged
for fast access. Thus, the search process now searches the index instead of
the entire dita base. Since the index entries are arranged in order, a binary
chop method can be used to find the record having a given item value. (In the
binary chop method, the wanted value is compared with the value in the entry
which is in the riddle of the index file. If the wanted value is higher, the
bottom hdlf of the index file is discarded and the process is repeated, using
the top half of thi index; if the wanted value is lower, the top half of the
index file is discarded and the process is repeated, using the bottom half of
the index.)

The search is very fast when the index is the data item for which the
search is intended. The disadvantage of the index sequential method is the
need to keep both the index and the data base. A logical adaptation of the
sequential or index sequential methods is use of the record to store data re-
lated to a given feature. Features of a command-level data base are sorted by
base. Within a given base, records are arranged by facility.

In the "tree" organization (structures) of data (Figure 68), the top of
the data base is the root of the tree (zero level). Main branches from the
root are the first level, and the smaller branches connected to these are the
second level. There can be as many levels as required in the data base. The
advantages of the tree-type structure are: (1) space efficiency, because a
branch's data items are stored only once, but can be used by all lower-level
branches connected to that branch, and (2) access to the lower-level branches
is faster, because each level is connected directly to the next. An example
of using "tree" structure can be found in PAVER (Reference 14). In the PMIS,
a logical construction of the conmnand-level data base will assign facilities
as the first-level branches, features as the second level, and data items,
such as PCI and work record, as the third level.

The graph method is practically the same as the tree method, except there
are connections among the branches. The advantages of the graph structure are
that it is fast, and it provides simplified access to data located in multiple
branches.

Data Access. The user can access the data in the data base either by
writing a computer program for the specific data base under consideration, or
via a readily available package (DBMS). A DBMS should be used to develop
PMIS, because it is less expensive. Most commercially available DBMS systems

|. will contain three components: the data base definition language (schema),
the query lanquage, and the interface to other languages. The data definition
language defines the data base structure. The query language is useful for
retrieving data based on a given criterion. The interface to other language
allows ai user-written program to access the data base.

'I''
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Since the PMIS functions are not defined completely, using the query lan-
guage for data base access and report generation is better than using stand-
alone computer programs. Thus, the type of DBMS selected depends heavily on
the available functions of its query language. Most commerical DBMS query
languages support logical operations. However, the various systems differ.
The logical operation should be able to operate on different branches. For
example, in PAVER, where a tree structure is used, the "AND" operation of a
certain PCI value and a certain repair record of feature cannot be specified
using the query language, because they are defined as two separate branches in
the data base.

SUMMARY OF COST ANALYSIS

The PMIS may be implemented on existing Air Force machines, timesharing
computer service from vendors, or a dedicated minicomputer. Since cost data
for the Air Force software development and the computer operation are not
available, the cost analysis will be restricted to comparing subscription to
service and use of a dedicated minicomputer.

It is estimated that the entire Air Force pavement maintenance data base
can be placed in a minicomputer with a 200-mega-byte disk. Such a system can
suppi,'L up to 2 users accessiny ctie uata Dase simultaneously and process the
data for report generating within a suitable response time. Many mini-
computers currently have a good DBMS available which is directly supported by
the manufacturer or a third-party software house. Thus, the cost of software
development on the dedicated minicomputer is similar to the cost of using
available services. The difference is between the cost of hardware and the
recurrent operation cost. Although hardware costs to support PMIS vary among
vendors, a typical system costs approximately $100,000. The operation and
maintenance costs of such a system range from 15 to 25 percent of the system
purchase price per year.

A large-scale timeshare system will generally cost approximately $20 per
hour of terminal use; this cost includes all necessary computer time and stor-
age.

Figure 69 compares the costs of implementing the PMIS when using either
(1) a dedicated minicomputer, or (2) a time-sharing system. The figure was
based on costs presented in Appendix C. The costs associated with developing
and operating a PMIS are divided into four major categories: (1) computer
system, (2) PMIS software development, (3) system operations, and (4) software
maintenance. In a time-sharing system, the computer system cost is elimi-
nated; however, the system operating cost includes an hourly charge. There-
fore, in computing the costs for the time-sharing system, the number of hours
was determined based on the following assumptions: (1) each base will use the

I. PMIS 1/2 hour per week, (2) each command will use the PMIS 2 hours per week,
and (3) on the average, 10 bases per command will use the system. These as-
sumptions result in approximately 365 hours per command per year. In addi-
tion, it was assumed that during the first year of PMIS implementation, only
one command will use the system, three will use it the second year, five the
third year, and 10 thereafter.
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Based on these assumptions, Figure 69 shows that using a dedicated mini-
computer is more economical than using a time-sharing system after 3-1/2 years
of use.

Use of the PMIS system depends greatly on the base and command engineers'
acceptance of the system. It is very difficult to estimate now how frequently
the system will be used; however, a more accurate estimate can be made after
the pilot system becomes operational.

Another factor that affects the cost of implementing a PMIS is the exis-
tence of a DBMS on the computer. It is well-documented in industry that use
of a DBMS greatly reduces the cost of software development (Reference 14).
The development of software for data base maintenance and general reports
(which does not include the economic analysis or consequence model) with a
DBMS will require only 2 man-years, while more than 10 man-years will be re-
quired for a system without a DBMS. The cost savings will be even greater
when the consequence model is implemented and the economic analysis performed.
Therefore, a system with a good DBMS should be used for the PMIS.

SUMMARY

Based on the available data and discussions between Air Force personnel
and the CERL staff, the following directions and procedures regarding imple-
mentation of an Air Force PMIS are recommended:

, 1. Computer program modules similar to those used for PCI computation
should be implemented on the standard Air Force base computer.

2. The data items should be refined before PMIS is fully implemented.
This can only be accomplished by pilot testing the system at a selected com-
mand.

3. It will be desirable to verify and refine the proposed economic anal-
ysis and pavement condition forecasting models while the PMIS is being devel-
oped.

.
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SECTION VIII

PART II: CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

1. The following report and computation requirements by command and base
engineers for use in pavement management have been tentatively identified
(subject to field testing).

a. Project validation

b. Determination of the consequences of various M&R alternatives and
mission changes

(1) Economic analysis

(2) PCI determination

(3) PCI and distress prediction

(4) Load-carrying capacity

c. Project estimating

d. Annual and 5-year work planning

e. Evaluation reports

f. Visitation of bases by command engineers

g. Project priorities

h. Optimization of limited budget spending.

The expected data requirements and frequency of use of each report by
command and base engineers have been identified (see Table 29).

2. Most of the report requirements listed above can be computerized and
operated in a batch mode, except the M&R consequence and economic analysis re-
quirements, which should be operated in an interactive mode.

3. The advantages and disadvantages have been identified for the follow-
ing PMIS data base organizations: (1) locating the data base at the base
level, (2) at the command level, or (3) at one central place for the entire
Air Force. Based on available information, it is concluded that the central-
ized data base at the command level is probably the best data base or-
ganization (subject to field testing).
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4. A limited cost performance analysis 
indicated that adopting one of

the commercially available DBMS for 
use with the PMIS is more economical 

than

developing a new one.

RECOMMENDATIONS

1. Computer modules similar to the PCI 
computer program should be devel-

oped for determining M&R consequences and 
performing economic analysis; these

modules should be used with a standard 
Air Force base computer.

2. Information requirements for pavement 
management should be refined

through pilot testing of the proposed 
PMIS, preferably on a major command 

com-

puter.

3. The PMIS pilot test should also be 
used to evaluate the data base or-

ganization (e.g., at base level, command level, or central location) associ-

ated with the PMIS and the PMIS mode of operation 
(i.e., batch, interactive,

or combination).
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APPENDIX B

ASPHALT PAVEMENT DATA
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TABLE B-3. ALLIGATOR CRACKING AND PATCHING DENSITY (PERCENT) (NO OVERLAY)

Alligator Cracking

AFB Feature Low Medium High Total Patching

Pope R4C 1.13 0 0 1.13 0
R6C(A) 3.01 4.59 0 7.6 0.49
R6C(B) 0.36 0.03 0 0.39 0
T14B 0 0 0 0 0

McGuire R/W 18-36 5.79 15.57 0 21.36 0.6
R/W Main 10.2 3.67 0 13.87 0.53

Williams R2C 0.03 0 0 0.03 0
R4C 0 0 0 0
T7B 0 0 0.4 0.4 0

Vance T14B 0.92 0.14 0 1.06 0
T14B 0 0 0 0 0
T15A 2.28 2.56 0 4.84 0.3
T/W 1 0.16 0 0 0.16 0
T3B 0.60 0 0 0.60 0
T3B 0.64 0 0 0.64 0
T15B 0.51 0 0 0.51 0.16

Homestead TR-5 3.30 0 0 3.30 0
TR-9 0 0 0 0 0

Par T/W 7.04 0 0 7.04 0.16

Elmondorf T/W#8 0.23 0 0 0.23 .13

Ellsworth T22B 0.24 43.64 6.94 50.82 0.10
T16A 5.19 24.04 0.5 29.73 0.03

Scott A4B 1.3 30.5 0 31.8 0

A4B(A) 0 0 0 0 0

Travis R/W 36-21R 0.72 0.15 0 0.87 0.56

Hill T/W 1 0.07 0 0 0.07 0.46
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TABLE B-4. ALLIGATOR CRACKING AND PATCHING DENSITY (PERCENT) (OVERLAY)

Alligator Cracking

AFB Feature Low Medium High Total Patching

Pope R2B 6.13 4.47 0 10.60 0
R3C 0.60 0.89 0.15 1.64 0
R5C 0 4.0 0 4.0 0.02

George T26B 3.48 6.55 0 10.03 4.73

McGuire A11B 1.38 25.12 0.03 26.53 2.66

Eielson T/W#6 0.93 2.43 0.31 3.67 0.83
R/W N-S 0.18 0 0 0.18 0

Ellsworth T2A 0.50 0.50 0 1.0 0

Scott R4B 3.15 0.75 0 3.90 0.85
T13B 0.32 0.01 0 0.33 0.15

Hill R/W 3C 0.09 0 0 0.09 0.05

1
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APPENDIX C

DETAILED COST ANALYSIS OF PMIS DEVELOPMENT AND OPERATION

The costs associated with the development and operation of a PMIS are di-
vided into four major categories: (1) computer system, (2) PMIS software de-
velopment, (3) system operations, and (4) software maintenance. Because of
its reliability and flexibility, the Modular Computer System (MODCOMP) CLASSIC
computer was chosen to compare using a dedicated minicomputer with subscribing
to a commercial time-sharing service. The MODCOMP CLASSIC has a widely used
data base management package (TOTAL), and commonly used high-level computer
languages such as COBOL and FORTRAN.

The commercial time-sharing system chosen was the Naval CDC Cyber com-
puter system, which is available from Washington, D.C. The System 2000 data
base management package used in PAVER is available on the Cyber machine.

The following outlines the costs of the two options.

DEDICATED MINICOMPUTER

One Time Cost:

Hardware Purchase .................................... $ 99,950

Software Development ................................. $103,000

Recurrent Cost (per year):

Operation ............................................ $ 20,600
Software Maintenance ............................... $ 20,600

Costs of Computer System

MODCOMP CLASSIC 7860
with 256 k-byte memory ............................. $ 40,000

50 meqa-byte moving head
disk and controller ................................ $ 2'1,000

Terminal interface for
up to 32 terminals ................................. $ 5,000

Magnetic tape (45 ips,
800 bpi) ........................................... $ 10,200

Matrix line printer .................................. $ 3,700

16 terminals at $500 each ............................ $ 8,000

TOTAL data base software ............................. $ 10,000

Subtotal ............................................. $ 99,950
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PMIS Software Development

One systems anal-'.
(I man-year) ................................... $ 25,000

One programmer
(I man-year) ....................................... $ 20,000

Supporting staff
(I man-year) ....................................... $ 10,000

Overhead at 65 percent ............................... $ 36,000

Subtotal ................ ...................... $ 91,000

Computer maintenance ................................. $ 6,000

V. Supply ............................................... $ 3,000

Miscellaneous ........................................ $ 3,000

Subtotal ....................................... $ 12,000

Total ................................................ $103,000

Operating Cost

Computer maintenance............................ $ 6,000

Computer ...................................... $ 3,000

Supply ............................................... $ 3,000

1/2 FTE operator ..................................... $ 7,000

Overhead ............................................. $ 4,600

Total (recurrent cost each year) ..................... $ 20,600

Software Maintenance at 20 Percent of Development
Per Year .................. .............................. $ 20,600

COMMERCIAL TIME-SHARING

One-time cost:

Hardware ............ . .......... ................ $ 8,000
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Software devel opment .............. ................. $143,000

Recurrent cost (per year):

Operation ....................................... $ 36,000
Software mai ntenance.............................. $ 20,600

Hardware Cost

16 terminals at $500.............................. $ 8,000

PMIS Software Development

Cost indicated in PMIS software development.......... $103,000
Computer service................................... $40,000

Total ........................................... $143,000

Operation Cost

wSupply .......................................... $ 3,000
Miscellaneous .................................... $ 3,000
Computer service
(1500 hours/comm~and) ................................ $ 30,000

Total ............................................. $ 36,000

Software Maintenance .................................. $20,600
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INITIAL DISTRIBUTION

EQ AFSC/DEEE 6

EQ AFRES/DEMM 12

EQ ATC/DEMM 20

HQ SAC/DEMM 20

HQ USAFE/DEMO 30
HQ PACAF/DEEE 16

HQ MAC/DE 25

HQ TAC/DE 35
EQ AFESC/TST 2
HQ AFESC/DEMP 2

HQ AFESC/RDCF 13
CERF 2

DDC/DDA 2
FAA/RD430 5

EQ AAC/DEEE 5

EQ AFLC/DEMG 9
AFIT/Tech Library 1
USAWES 10

HQ AUL/LSE 71-249 1

CERL 26

ANGSC/DEM 8

AFIT/DET 2

USAFA/DFCEM 1

EQ AFESC/RDXX 1
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